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ABSTRACT 
Variation in Pod Wettability and Permeability and its Implications for Improving 
Spoilage Characteristics in the Dried Pea (Pisum sativum l.) Crop. 
by Simon Nicholas Miles 
This investigation was designed to determine some of the causes of 
spoilage in the pea crop. lt was found that physiological and morphological 
characteristics of the pods were related to degrees of spoilage experienced by 
a range of varieties. This included the amount and configuration of epicuticular 
waxes affecting pod surface wettabilities which, together with total pod wail and 
parchment layer thicknesses, all contributed to high rates of water uptake and 
water contents in pod tissues. Water content was determined to be closely 
correlated to the degree of pod spoilage observed in the field. Pod phenotypes 
which were badly affected included waxless and parchmentless varieties which 
were unable to resist the uptake of water, and thick wailed pods which retained 
water for longer periods. Thin wailed varieties and those with neoplasms were 
more successful, not because they resisted water uptake, but because they were 
able to dispel it rapidly so reducing the length of wetness periods. 
The most detrimental environments for pod development were those with 
fluctuating parameters, particularly temperature. This caused the disruption of 
epicuticular wax conformation increasing surface wettability. lt may also have 
had the effect of decreasing pod wail integrity. Humidity had much less of an 
independent effect but combined with certain temperatures it became more 
significant. High temperature/low humidity environments caused high water 
potential gradients from pod to atmosphere and possible tissue damage leading 
to high spoilage potential. High temperature/high humidity lengthened periods of 
£.J<v>~ 
water retention in the pods. Yield and spoilage of leafless and parchmentless 
phenotypes were most sensitive to environment. 
Pod characteristics determined to be advantageous in this investigation 
could be incorporated into a wider breeding strategy which includes the 
improvement of standing ability and root formation so that peas become a more 
attractive alternative source of protein. 
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Introduction 
1 
Chapter 1 
Introduction 
The pea crop has a broad range of uses as a result of it's diversity and 
long history of domestication. The vining crop is cultivated for the young green 
seeds. These are harvested for human consumption and the market is relatively 
static in the U.K .. The dried pea crop, however, is currently enjoying an upsurge 
in popularity as an alternative source for protein more usually imported in the 
form of the soybean seed (Glycine maxi (Pipe,1985; Grosjean,1985). The 
realisation that the pea crop could offer a replacement for soybean seed came 
in the mid-seventies after the USA imposed export restrictions following a 
particularly poor harvest. The European Community was forced to search for 
alternatives to the soybean crop as it was unsuitable for cultivation in many parts 
of Europe. The danger of being too reliant on others was becoming apparent! 
Consequently, an EEC subsidy was set up in 1978, with guaranteed prices 
and the provision of a basic financial aid scheme to encourage the production of 
peas as they best met the criteria for a home grown substitute (Pipe,1985). 
Digestibility of pea protein is high, due to low concentrations of 
antinutritional factors such as trypsin inhibitors, lectins and tannins, especially 
in white flowered varieties. The crude protein contents of the seeds range from 
20.6-27.6%; intermediate between soybean meals and cereals. The seeds also 
contain approximately 50% starch, high potassium and phosphorous levels and 
a low sugar and fat content. An analysis of the fatty acid composition shows 
that the majority of the fatty acids (84%1 are unsaturated; linoleic acid 
represents 50% of the total. This has made their incorporation into animal feed 
more viable and they have been proven successful in the diets of pigs at 
proportions of up to 15% for growing and 20% for finishing pigs. Up to 24% 
peas can be included into poultry diets and dairy cows can consume 3-4kgs per 
day (35%1 without any deleterious effects on the consumption of dry matter or 
milk production and composition. lt is often necessary to supplement these diets 
however, with tryptophan and/or methionine to offset amino acid deficiencies. 
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The success of the pea seed in animal feeds may also depend on the other 
components with which the seeds are compounded (Grosjean, 1985). The foliage 
of the pea plant has a similar nutritional value to that of grass and so in many 
areas, particularly eastern Europe, the crop is grown for grazing and silage 
production (Snoad, 1985). 
The nutritional qualities of the dried pea has made them popular for human 
consumption for the past seven to nine thousand years (Janick et a/.,1981). 
More recently however, the production of dried peas for use as an additive to 
bread and health foods has increased dramatically. They contribute, not only all 
of the above qualities, but also very high fibre concentrations (Grosjean, 1985). 
The pea plant is not only a very valuable commodity to the modern 
nutritionist, but it is also emerging as an important component of nee-agriculture. 
The crop is ideal as a 'catch crop', sown in a rotational system with other crops; 
an activity currently being encouraged by economic and political pressures. 
These have arisen from the necessity to reduce production of cereals and 
decrease the use of nitrogen fertilisers. The pea's association with nitrogen-fixing 
bacteria helps to replenish the fertility of soils which, in continuous cultivation 
systems has to be maintained through the application of chemicals. They are 
harvested sufficiently early in the season to allow winter wheat to be drilled at 
the optimum time and their presence facilitates autumn subsoiling and deep 
cultivation operations (Gane, 1985). Peas may be used to replace sugarbeet and 
potatoes which are currently popular spring sown break crops in the rotational 
system. Gross margins (value of crop ha-1 minus variable costs) are high for peas, 
although slightly lower than for the common alternative, oilseed rape. 
The EEC financially supports the market for combining peas, although to 
a lesser extent than for oilseed rape and cereals. The package is based on the 
world prices of soybean meal; the compounder receiving 45% of the difference 
between the variable world price and the fixed 'activating price'. The aid scheme 
had to be simplified in 1984, as in previous years it's complexity resulted in the 
addition of an 'Added Aggravation Factor' to the lowest cost calculations 
(Pipe, 1985). The new amendments prompted a massive increase in the area 
sown for peas in 1984/5 and the geographical limits of the crop were extended 
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into Scotland and the south west of England (Gane, 1985). At present, however, 
although growers are guaranteed a minimum price and the scheme has been 
improved, it still does not receive the comprehensive support of many other 
crops. A financial package which follows the prices of peas themselves, rather 
than the prices of soybean meal, and which implements full intervention payment 
type support is required to increase the mobility of the crop between member 
states of the EC (Pipe, 1985). 
lt is clear, therefore, that the dried pea crop has enormous potential, but there 
are many problems associated with the species which have to be solved to meet 
the demands of the industry. The main problems with dried peas are derived 
from the anatomy of the plant. lt has a stem with a narrow base which must 
support up to three metres of dense foliage. As the plants are sown reasonably 
close to one another, a mutual support system is allowed to develop within the 
crop. If sown too close however, interplant competition becomes more apparent. 
The optimum sowing density for the standard pea crop has been calculated as 
65-100 plants m·2 in 20cm row widths. The production of extensive foliage is 
a major disadvantage causing conditions which are ideal for the infection of the 
plant by pathogenic, particularly fungal, organisms. lt causes a reduction in the 
circulation of air through the canopy leading to a build up of humidity. lt also 
reduces light and consequently photosynthetic rate of the lower leaves. These 
induced environmental effects may also have an important influence on the 
production of epicuticular waxes on the surface of the leaves, possibly increasing 
their wettability which, in itself, is likely to have an effect on the permeability of 
the cuticle (Juniper and Jeffree, 1983). These observations were supported by 
work done by Hallum and Juniper (1971) who noticed that pea plants did not 
produce waxes in the dark and that growth rings can be observed on wax fibres 
of the Brassica genus corresponding to light and dark periods. No evidence was 
given by Hallum and Juniper, however, to support the assumption that reduced 
wax formation results in higher wettabilities or permeability of leaf surfaces. lt 
must be determined what effects can be extrapolated to pod surfaces. Despite 
modifications that have, and are, being made in the anatomy of the stem (Heath 
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and Hebblethwaite 1984; Snoad, 1985), the weight of the foliage means that 
extensive lodging of the plants still occurs and the fruits often make contact with 
the ground. This may encourage a 'wick effect' with water moving by capillarity 
from the soil surface. In turn, this may increase fungal attack and possibly pod 
splitting with subsequent seed loss before harvest (Gane, 1985). The field 
deterioration of pods might be a direct result of fluctuations in water content of 
the tissues as opposed to being a function of the absolute water contents. This 
was indicated by Mondragon and Potts (1974), who determined that relatively 
unstable environmental conditions increased the rate, not necessarily the volume, 
of moisture migration through the tissues of soybean pods leading to the 
localized build up of internal pressures causing damage and susceptibility to 
pathogenic attack. They concluded that rain sufficient to dampen the pods, 
followed by high temperatures and low relative humidity, were the least 
favourable conditions for pod maturation prior to harvest. The effects of 
extensive foliage within the pea crop (high humidity and low penetration of light) 
have the same consequence; the inhibition pod wall dehydration prior to harvest. 
As with the rehydration caused by contact with the ground, spoilage of the fruit 
is likely, and pre-harvest dispersal or germination of the seeds may also result. 
Non-parchmented, edible pods have been developed to prevent seed dispersal; 
the lack of a parchment reducing pod shattering. However, although they remain 
closed, they may be more prone to other damaging effects of the weather 
(Snoad, 1985). 
Research into minimising these adverse features of the dried pea crop has 
adopted different approaches. These include the following: 
a) Using chemical control against fungal attack. 
b) Changing plant architecture. 
c) Reducing foliage. 
d) Modifying the pod. 
Applied chemical controls supplement the natural defence mechanisms against 
fungal attack. The pea, like other legumes produces phytoalexins, most notably 
5 
Pisatin (Cruikshank and Perrin, 1960). The intensity of the defense response and 
the relative resistance of the fungus determines whether the disease develops. 
A more fundamental approach, however, would be to prevent the development 
of the conditions which encourage pathogenic organisms. 
Changing plant architecture to improve standing ability and reduce lodging has 
received much attention. Stem thickness, particularly in the hypocotyl region has 
been improved by selecting plants with thicker stems which are stiffer at their 
bases or even plants with more than one stem per plant (Heath & Hebblethwaite, 
1984; Snoad, 1985). Varieties with thicker hypocotyl regions of the stem have 
been developed, and this characteristic can often be associated with a much 
more branched stem; useful as it is often coupled to increased winter hardiness 
(Snoad, 1985). 
Reduced foliage phenotypes have been developed to advantage. Not only 
do they have a decreased weight of haulm, but also reduced humidity in the 
canopy and increased penetration of light to the lower leaves and pods. Greater 
air currents through the crop have the effect of reducing the thickness of 
boundary layers which form around leaves and fruits and contain still air, ideal 
for trapping fungal spores and conditions suitable for their germination. Reduced 
foliage types have a much improved standing ability, but fewer/smaller leaflets 
and stipules are often associated with the expression of thinner stems. Leafless 
varieties with the genotype afafstst (leaflets- >tendrils and reduced stipules) may 
also have a reduced growth rate due to the smaller photosynthetic area of the 
seedling stipules. Attempts were made to increase the size of the first stipules 
to emerge in the leafless type, but these were unsuccessful. Reduction in the 
size of the normal stipules to obtain the optimum is now the objective 
(Snoad, 1985). Reduced foliage phenotypes may have the effect of exposing 
fruits to wind and rainfall which can cause erosion of cuticular waxes, as 
observed on leaves, at stages in the season when little or no more waxes can be 
produced to replace them (Baker and Hunt, 1986). Leafless varieties may also 
be more sensitive to Downy Mildew (Heath, 1987). 
The final preventative measure, and that which has been least exploited, 
is the modification of the pod as a protective housing for the seeds. As the pod 
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increases in dry weight, it inflates due to differential growth of the inner and 
outer layers. The inner layers become sclerified to form a tough 'parchment' layer 
which strengthens the pod and aids in seed dispersal. As the wet weight of the 
pod decreases during the latter stages of maturation (table 1.1). the 
sclerenchyma layer causes the pod to split violently along the ventral suture 
distributing the seeds some distance from the parent. Prior to this event the 
seeds experience an accumulation of valuable protein which is deposited in the 
embryo within discrete membraned bodies. Eventually it may fill the cotyledon 
cells (Pate and Flinn, 1977). lt is very important therefore, that the pods should 
be able to resist spoilage in order that they may remain in the field whilst this 
deposition takes place. As spoilage may be encouraged by water uptake into the 
tissues, the first step towards pod improvement would be, therefore, to 
investigate mechanisms of control over water movements through the wall of 
dried pods and then to exploit these mechanisms in such a way as to allow them 
to stay dry until harvest. Contact of absorbed water with seeds may result in 
imbibitional damage, particularly if the seed testa is inefficient (Marbach and 
Mayer, 1975). This results from the breakdown of the cellular membranes and 
the leakage of the cell solutes and causes a drastic reduction in quality of grain, 
viability and hence value (Powell, 1985). 
The work which is described in the following report was undertaken to 
examine the pods interaction with water, to survey the variability in pod 
permeability, and to start to elucidate the basis for the pod's resistance to water 
infiltration. These are seen as the first steps in the field of pod environmental 
physiology and it is hoped that this research will form the basis for many further 
projects aimed at reducing crop spoilage from the perspective of pod 
improvement. Ultimately, the physiological, chemical or structural factors 
responsible for spoilage may be identified and excluded from commercially 
valuable crops so that the percentage of the seeds lost each year can be 
reduced. A higher quality crop with a greater resistance to disease may mean a 
reduced dependence by the farmer on damaging fungicides and a reduction in the 
acreage required. In addition, and more relevantly for local farmers, the 
geographical range of the pea crop may be increased into wetter areas such as 
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the south west of England. 
Table 1 . 1 Water contents of pods of Jl: 141 throughout development and 
maturation (as a percentage of fresh weight). 
Stage of pod development (table 5.4) 
St.1 St.2 St.3 St.4 St.5 
1 89.15 86.55 86.09 71.19 17.64 
2 89.42 85.39 86.55 80.69 18.16 
3 89.47 86.16 85.75 79.89 14.95 
4 89.28 86.17 85.85 81.79 15.94 
5 89.76 86.82 85.34 80.60 14.42 
Mean 89.42 86.22 85.92 78.83 16.22 
St.Dev. 0.21 0.48 0.40 3.87 1.46 
Tompkins (19931 
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Chapter 2 
Development of Methods for the Measurement of Pod Permeability 
2. 1 General Introduction 
The final weeks of crop ripening are very important in determining the 
quality of the pea harvest. During this time, the protein content of the seeds 
increases and great advantage can be gained by leaving the crop in the field for 
a week to fourteen days longer than at present. Most growers currently harvest 
the crop at an earlier stage because of the fruits susceptibility to spoilage. lt is 
suspected that the high level of spoilage may be due to the uptake of water into 
the dried pods from the damp environment of late summer and early autumn, and 
indeed, work has been published which may substantiate this theory (Mondragon 
and Potts, 1974; Rupe and Ferris, 1986; Rudgard and Butler, 1987). So, in a 
project aimed at decreasing the spoilage of the pea crop, it is important to be 
able to quantify the permeability of pods so a comparison of existing varieties 
can be made. Once the permeabilities of pods of each variety have been 
determined, those with the highest resistance to water uptake can be further 
examined for a structural, chemical or physiological basis for their success. 
The process of the permeation of water through the pod wall to the seeds 
can be divided into two stages: 
il The infusion of water into the pod wall tissues 
iil The emanation of water from the inner pod wall to the pod space 
The methods devised to measure the permeability of the pod tissues can 
be divided into two groups according to the specific process which they are 
designed to record. The first group of experiments included a gravimetric 
method, an electronic method and a dye uptake method which measured the 
infusion of water into the pod tissues with time. The second group of 
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experiments included a method using sealed "permeation chambers" and a 
method using a modified porometer to measure the amount of water which 
actually passes through the pod wall. The methods used to measure both the 
stages will be dealt with separately. 
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2.2 Materials 
For the purpose of the following investigations, several pea varieties were 
grown in a glasshouse during the late summer and autumn of 1989. They were 
selected to express a range of pod phenotypes, which are described below: 
Table 2.1 Description of the Pod Phenotypes used in the Following 
Experiments 
I Variety I Wall Colour Other Characteristics Thickness 
(mm) 
Jl:141 1.0 Green None 
J1:60 1.5 Purple None 
Jl:73 1.0 Yellow Wax reduced 
Jl:192 3.0 Pale Green None 
Jl:468 1.1 Pale Green Parchment Reduced 
J1:792 1.8 Green Wax Reduced, Neoplasms Present 
Jl:1037 0.5 Green Neoplasms Present 
Jl:129 2.2 Pale Green None 
Jl:76 2.8 Green Parchment Reduced 
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2.3 Infusion of Water Into the Pod Tissues 
2.3.1 Introduction 
A gravimetric method was developed in a student project at Plymouth in 
1988/9. lt was based on recreating conditions which would be detrimental to 
dehydrated pods awaiting harvest in the field, ie. a high water content 
environment. Groups of pods were submerged in water at 25°C and neutral pH 
and the water contents were calculated by sampling a small number of pods at 
periods of up to 24hrs. Significant differences were found between varieties in 
water uptake of both pods and seeds. The method was modified in this 
investigation so that the environment to which the pods were subjected was 
more representative of those which exists in the field. As an alternative to being 
completely submerged in water the fruits were placed in an environment of water 
vapour saturation and high temperature. 
The electronic method gives a more continuous measurement of the influx 
of water into the pod tissues. lt was first attempted by Raymond Tully at the 
University of Louisiana in 1982 for the purpose of measuring the permeability of 
soybean pods to water. lt was based on the decreasing electrical resistance 
across the pod wall as an electrolyte infused the tissues, decreasing the distance 
between it, and a droplet of Mercury on the inner pod surface. Tully's method 
recorded a "triggering time" for each measurement corresponding to the time it 
took for that pod's resistance to decrease to a predetermined level. For the 
current investigation this method was modified to record the electrical 
conductance of the pods continuously and for a set period so that the increase 
could be represented graphically and an initial rate of water influx could be 
calculated. Varietal differences in the length of the lag phase (the period of 
minimum conductance before electrolyte was observed to enter the pod tissues) 
and in the rate of increase of conductance of pods could also be visualised. The 
method was standardised as much as possible and the apparatus and software 
were expanded to accommodate up to fifteen simultaneous measurements. 
The final method devised to measure the infusion of water into the pods 
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was the dye uptake method. Pods in the field are susceptible to water uptake 
from adhered rain water droplets and from the soil as the crop is prone to 
lodging. A dye was added to the water so that its route into the pods, and its 
passage through the tissues, could be Identified by image analysis. 
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2.3.2 Methods 
2.3.2.1 Gravimetric Method 
Pods were harvested from the varieties Jl: 141, Jl:60 and Jl:73 at the 
latest stages of dehydration of the pod tissues. They were placed in batches of 
five in sealed vessels which contained cotton wool soaked in water at 30°C. This 
was to ensure the high mobility of the water molecules so the atmosphere was 
as close as possible to saturation. The pods were separated from the cotton 
wool by metal gauze so they were subjected to an atmosphere of high humidity 
and temperature without actually coming into contact with a damp substrate or 
being submerged in any way. The sealed vessels were then placed in a water 
bath also at 30°C and batches of five pods were removed at intervals of up to 
24hrs. The wet weights of the pods and the seeds within them were recorded 
and then they were dried in an oven at 120°C for 24hrs so that the % water 
contents of the tissues could be calculated thus: 
%WC= WetWeight(g)-DryWeight(g) x100 Equation 2.1 
WetWeight(g) 
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2.3.2.2 Electrical Method 
Tully ( 1982) devised a method of measuring the time for the electrical 
resistance offered by a soybean pod wall to decrease to a predetermined level 
as an electrolyte infused the tissues. For this study, apparatus was constructed 
with the assistance of Dr P.J.Giynn to allow the simultaneous and continuous 
measurement of the increase in conductance across sections of pod wall from 
fifteen pods of the same variety. The apparatus was designed to hold sections 
of pea pod so that a defined area of electrolyte (0.05M NaCI) would contact the 
outer surface of the pod, and an equal area of Mercury could contact the inner 
surface. The piece of apparatus consisted of a perspex trough with flattened 
external sides. lt was designed to contain the aqueous electrolyte and a 
Nichrome wire carrying 5v. Holes of 3mm diameter were drilled in the sides of 
the trough and a perspex block, with wells of equal diameter and corresponding 
to the holes in the trough, could be attached to it's side clamping sections of pod 
in between (Figure 2.1). The outer wells were then filled with Mercury, the 
aqueous solution added to the trough and the voltage applied. 
The apparatus employed circuitry which was interfaced to a BBC Model 
'B' Microcomputer (Acorn Computers) and allowed simultaneous measurement 
of 15 pod sections using an analogue switch with 16 channels. A program was 
written by Dr P.J.Giynn which, via the user port, instructed the analogue switch 
to select each of the channels in turn, and to record the conductance (in 
arbitrary, ADVAL units) across the pod corresponding to that channel. By 
employing a loop, fifteen measurements (one from each pod) were collected 
every two seconds, and after 750 readings had been collected for each pod the 
data was down loaded to a single ASCII file. A further program allowed the data 
to be sorted into fifteen separate ASCII files for further, individual processing in 
a graphics package. The remaining channel on the analogue switch was used as 
a reference channel which allowed for the variability in the analogue switch 
itself. The means and standard errors were calculated for the lag phases (the 
length of time before any increase in conductance) and the rates of water uptake 
(slope of the plots). 
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Electrode I Perspex Blocks \ Electrode ~ 1 / Pod Section Pod Section 
l O.OSM NaCI l - - - -- - - -
~ - - - - ~ - - - -- - - -- - - - - - - - -- - - - - - - - -- - - - -- - - ~ - - - -- 0 +Sv-
Nichrome Wire 
Figure 2.1 Apparatus designed to measure the decrease in electrical resistance 
across a section pod wall. Modified from Tully (1982) . 
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2.3.2.3 Dye Uptake Method 
Methods of measuring the uptake of a water-borne dye were developed. 
Pod halves were floated on a solution of Eosin-Yellowish (MW = 6921 which has 
a pH of 6.7. Pods were removed at intervals of up to 20 minutes and surface 
dried with blotting paper. Five pod halves were soaked for each time period and 
two of them were photographed using a Zoom Stereo Microscope Model SZH 
(Olympus). This was done in order that the regions of initial water uptake could 
be identified as well as the pattern of water absorption. The remaining three pod 
halves were used to investigate the rate of water uptake into the consecutive 
layers of the pod wall. For this purpose a Ouantimet 570 Image Analyzer 
(Cambridge Instruments) was used. Small pieces were cut from separate regions 
of the pod wall and then frozen to be sectioned in an open top cryostat (Bright). 
The sections were then mounted using cedarwood oil and viewed under a 
photo microscope 11 (Zeiss) attached to a 3CCD Colour Camera (Sony). The 
camera acquired the images so the image analyzer could then be used to quantify 
the proportion of the section containing the red dye. A reading was taken from 
each of two separate and random areas of each section. 
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2.3.3 Results 
2.3.3.1 Gravimetric Method 
Figure 2.2 (overleaf) 
The Uptake of Water into the pods of each of three varieties of pea. 
Standard Errors are shown. 
Key: Jl:60 - Solid Squares 
Jl: 141 - Solid Triangles 
Jl:73 - Solid Hexagons 
A rapid initial uptake of water was observed followed by a levelling off 
after two hours. J1:73 had the highest initial increase in water content and 
Jl: 141 had the lowest saturation capacity. 
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Fig.2.3 Water Uptake into Seeds of Three Varieties of Pea. 
2.3.3.2 Electrical Method 
Table 2.2 Means and Standard Errors for lag Phases and Rates of Water 
Uptake. 
lag Phase Variety n Mean (Secs) Standard Error 
Onward 15 364.00 38.89 
Jl:792 9 553.33 132.27 
Meteor 14 414.29 55.22 
Jl:129 14 252.14 34.31 
Jl:76 15 224.66 36.64 
Jl:1037 14 195.71 40.16 
Rate of Uptake Variety n Mean (units/sec) Standard Error 
(units/sec) 
5.68x10-3 Onward 15 0.031 
Jl:792 9 0.070 0.021 
Meteor 14 0.026 5.08x10-3 
Jl:129 14 0.076 0.010 
Jl:76 15 0.278 0.093 
Jl:1037 14 0.133 0.066 
Jl:129, Jl:76 and Jl:1037 all had short mean lag phases and steep mean 
gradients (although the gradients of the slopes of the latter two varieties were 
accompanied by high variabilities). 
Conversely, Onward, Meteor and Jl:792 had long mean lag phases and 
shallow mean gradients (although the lag phases associated with the latter two 
varieties were accompanied by high variabilities). 
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2.3.3.3 Dye Uptake 
Plates 2.1-2.4 
Distribution of Eosin-yellowish in pods of Jl: 129 after different periods of 
contact with a solution of the dye. 
Plate 2.1 
The Uptake of Eosin-yellowish after 6 minutes of contact 
The pod appeared to be able to resist the uptake of the dye in the first 6 
minutes although small patches of the dye can be seen. 
Plate 2.2 
The Uptake of Eosin-yellowish after 12 minutes of contact 
There is some evidence of uptake into the vascular tissues with patches 
of uptake throughout the pod. 
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Plate 2.1 Distribution after 6 minutes 
Plate 2.2 Distribution after 12 minutes 
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Plate 2.3 (overleaf) 
The Uptake of Eosin-yellowish after 15 minutes of contact 
Plate 2.4 (overleaf) 
The Uptake of Eosin-yellowish after 20 minutes of contact 
The dye appears to have been taken up into more substantial patches. 
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Plate 2.3 Distribution after 15 minutes 
Plate 2.4 Distribution after 20 minutes 
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Table 2.3 Area of Pod Transverse Section stained by Eosin-Yellowish 
Time (mins) Area(%) S.E. p* 
6 0.116 0.014 0.864 
10 0.281 0.020 0.658 
12 0.381 0.022 0.451 
15 0.482 0.023 0.653 
20 0.500 0.018 0.534 
* At each sampling time, 12 measurements were taken from each of three 
regions of each pod. Analyses of variance showed that there was no significant 
difference between any of the regions after each of the time periods. (p = 
probability that there was no difference between the regions of the pod). 
Figure 2.4 (overleaf) 
Uptake of Eosin-Yellowish into pods of the variety, Jl:129. 
The rate of uptake shows a typical sigmoid uptake curve. 
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2.3.4 Discussion 
The gravimetric method revealed that all three varieties showed a rapid 
influx of water into the pod walls, although the rate of influx of water into the 
pod wall of Jl:60 was a little slower in the first few minutes of the experiment. 
All three varieties reached water saturation at levels of 60% after four hours, 
with Jl:73 achieving the greatest increase in water content over the seven hours 
of the experiment. The pods of Jl: 141 appeared to be the least easily hydrated 
and therefore, the most effective of the pods. An evaluation of the rehydration 
of the enclosed seeds provided a more indirect but informative measurement of 
the pod permeability, as it represents the quantity of water which actually 
penetrated the tissues (Figure 2.3). Some water was transmitted to the seeds 
of two varieties (JI:141 and Jl:731 during the first two hours of exposure, but 
in these, the rate of influx of water was constant even when the pods became 
saturated. Even saturated pods must still restrict water uptake by the seeds. 
Jl: 141 possessed seeds with the highest water content of all the varieties. lt can 
be inferred, therefore, that this variety was inefficient in protecting against 
rehydration of the seeds, despite this pod achieving lower saturated water 
contents (Figure 2.3). Jl:73 showed the greatest overall increase in seed water 
content of the three varieties which may also be interpreted as producing poor 
protection for it's seeds. Jl:60 showed a much slower rate of water uptake and, 
therefore, appears to constitute the most effective barrier to water of the pea 
lines investigated, despite its pods achieving high water contents. 
Although measuring the amount of water which is taken into the seeds is 
an informative method of establishing the degree of permeability of pod wall as 
a whole, it is important to consider the effects that variation in the seed, 
particularly the testa, may have on water uptake (McRobbie, 1990). 
This method has many advantages including the fact that it measures the 
uptake of water from an environment of high relative humidity. lt gives the 
amounts of uptake over the whole, undisturbed pod which serves to "iron out" 
much of the variability caused by small areas of wax erosion or pod damage. 
Another of the main advantages is that the amount of time and effort required 
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are minimal, the equipment used is also simple and reliable. One significant 
disadvantage, however, is that the sampling method is destructive and the data 
produced is therefore discrete rather than continuous. Thus a measurement of 
the actual rate of water uptake is not possible although an estimation may be 
obtained by calculating the difference between water contents after different 
periods of time. 
lt can be seen from the results obtained by the electrical conductivity 
method that the varieties can be split into two main groups (table 2.2). Those 
which had short lag phases and steep gradients and those which had long lag 
phases and more shallow gradients. The varieties, Jl: 129, Jl:76 and Jl: 1037 all 
fall under the first description which suggests that they may have been more 
permeable to water. The short lag phase implies that water readily breached the 
outermost defences of the pod wall, namely the epicuticular wax layer and the 
cuticle itself. The steep slope gives an indication of the high rate of water uptake 
into the pod wall tissues of these varieties. The remaining three varieties, 
Onward, Meteor and Jl:792, fell into the second category in which a long lag 
phase suggests that the hydrophobic barriers are more efficient and a shallow 
slope indicates a subsequent low rate of water uptake. 
Other factors must be considered however, in particular the variability of 
the results for each variety. Jl:792 and Meteor, both members of the second 
category of less permeable varieties, showed a high variability in the lag phase. 
Some of the pods of each of the varieties showed an increase in conductance 
almost immediately, whilst others maintained a low level of conductance 
throughout. This would suggest that, although the pod tissues may have resisted 
the rapid uptake of water, there were areas of the pods which had incurred 
cuticular damage. Similarly, a high variability in the rate of uptake was observed 
in pods of Jl:76 and Jl:1037 which may have been caused by areas of internal 
tissue damage. The theory is supported by the fact that these varieties showed 
rapid mean rates of water uptake which, if they occurred during the maturation 
of the pods, could have caused the localised build-up of water pressures. 
These factors, although useful in themselves, give an indication of some 
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of the disadvantages which may be inherent in the method. The use of only 
small areas of pod wall potentially increases the variability of the results because 
it not only includes areas which have incurred damage during maturation but also 
those samples which may have been imperceptibly damaged during preparation. 
This is overcome to some extent by using large numbers of replicates, a factor 
which was allowed for in the design of the apparatus, but this generates further 
problems because of the amount of data produced. 
The main advantage of this method is that it provides a continuous 
description of water uptake by the pods enabling the calculation of two useful 
parameters. The lag phase measurements which give an indication of the 
efficacy of the outermost, hydrophobic barriers of the pod and the steepness of 
the slope which represents the rate of water uptake into the pod wall tissues. 
The methods which used a water soluble dye were much more successful 
at quantifying the rate of uptake than its route. A qualitative assessment of the 
photographs of the route (plates 2.1-2.4) suggest that the pod is able to resist 
uptake for at least 5-6 minutes, possibly due to the effects of the epicuticular 
waxes. Evidence of very small areas of penetration do exist, however, which 
suggest that irregularities in the epicuticular wax layer or small areas of damage 
are responsible. lt is unlikely that the stomata provide initial points of entry due 
to the surface tension which must be present. Once the dye had entered the pod 
tissues it soon became widely distributed throughout the vascular system. After 
twelve minutes it could be detected even in the smallest veinlets. A possible 
conclusion would be that the epicuticular waxes are more heavily eroded over 
the protruding, major veins allowing rapid entry into the vascular system. After 
12 minutes there is some evidence of uptake into the subcuticular parenchyma 
cells although it is unclear whether this has entered via the vascular system or 
directly through the cuticle. After 15 and 20 minutes the dye can be seen in 
patches throughout the pod wall tissues. These may correspond to areas of the 
pod beneath damaged cuticle and/or eroded waxes or to lesions which have 
arisen from the build-up of water pressures during the maturation of the pod. 
The rate of water uptake can be seen to follow a typical sigmoid curve 
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(figure 2.4). An initiallag phase can be observed which may again be attributed 
to the effects of the epicuticular wax layer. The rate then increases but comes 
to an abrupt halt at 15 minutes. At this stage, the maximum area affected in any 
of the sections was 70% suggesting that something must be preventing full 
saturation of the pod. lt could be assumed that this barrier is, in fact, the 
sclerenchyma or parchment layer which has been observed to be substantial in 
this particular variety (Plate 4.17). lt is possible that, given a longer period of 
exposure to the dye solution, it would breach this barrier and saturate the pod. 
Water would have then permeated the full pod width and may then emanate 
from the inner pod surface into the pod space. The results of this experiment 
also illustrate the effects of the fungal pathogen Powdery Mildew (Erysiphe pisll. 
The haustoria penetrate the epidermal cells and must therefore break the cuticle 
leaving areas susceptible to the uptake of water. 
Although this method has a lot of potential because of its examination of 
both the rate and the route of uptake into the pod tissues, much work has still 
to be done to standardise and refine the techniques. lt would be especially 
interesting to examine pods of the variety Jl: 129 which had been dewaxed and 
which were devoid of infection. The effects of the high molecular weight of the 
dye are unknown and this method also suffers from the use of only small areas 
of the pod wall for analysis. The fact that it uses a lot of resources including 
many pieces of specialist equipment and much technical assistance makes this 
method less suitable. 
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2.4 Emanation of Water from the Inner Pod Surface 
2.4. 1 Introduction 
Methods which specifically measure the amount of water passing 
completely through the pod wall determine the amount of water which actually 
contacts the seeds within the fruits. As it constitutes the second stage of the 
permeation process, as defined above, elements of the first stage are inherent 
in it's results. The methods for measuring the emanation of water from the inner 
pod surface included a method using "permeation chambers" and a method using 
a modified, commercially available porometer. 
The use of sealed chambers containing water or water vapour to 
investigate the permeability of a plant membrane as the only available exit, was 
first suggested by J.Schonherr and K.Lendzian of the University of Munich, 
l~fl( 
Germany., Their method was modified for the measurement of pod wall 
permeability as described below. 
The final method used an adapted version of a transpiration porometer. 
"Delta-T Devices Ltd." have developed a series of porometers which are 
designed to measure transpiration from leaves. They record the time it takes for 
the humidity within a sensor cup to reach a predetermined level. The sensor cup 
is situated within the sensor head which can be clamped over the leaf to create 
an effective seal. For this study, however, the porometer was used to measure 
the permeability of pod halves so it was necessary to modify the method and 
equipment accordingly. 
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2.4.2 Methods 
2.4.2.1 Permeation Chamber Method 
Schonherr and Lendzian ( 1981) devised a method of measuring the water 
permeability of isolated cuticular membranes. They used perspex chambers 
15mm high with a 5mm diameter 0-ring to support the membrane. The 
chambers were filled with water, and tightly sealed so a liquid I membrane I 
vapour system existed to mimic the epidermis I cuticle I atmosphere system of 
the leaf. They were then placed in a desiccator and weighed at intervals. For this 
investigation, chambers were constructed to larger dimensions and of copper (as 
recommended due to the small permeability of perspex) and the tops of the 
chambers were sealed with an impermeable, flexible membrane of "Neoprene" 
(Fig. 2.5). The varieties, Jl:141, Jl:73, Jl:468 and Jl:192 were used in this 
investigation. The chambers were placed in a desiccator containing silica gel and 
left at room temperature for 24hrs. Each chamber was fitted with a piece of pod 
wall from a different variety and weighed at intervals. The permeability of pod 
wall sections could then be measured in the same way by calculating the amount 
of water lost with time. 
An additional chamber was included in the investigation which supported 
an impermeable membrane (aluminium foil) over it's aperture, substituting for the 
pod section as a control to examine the efficacy of the chambers in preventing 
the loss of water by alternative routes. 
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Figure 2.5 Permeation Chamber 
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5mm Aperture 
Pod Section 
2.4.2.2 Adapted Porometer Method 
The pod halves were of a shape which didn't allow the sensor head to 
clamp over them to form an airtight seal between the sensor cup and the inner 
surface of the pod (Figure 2.6). The sensor head was, therefore, adapted by 
extending the lip of the sensor cup vertically so a more efficient seal could be 
attained and a chamber could be formed on the inner surface of the pod half 
containing the humidity sensor itself (Figure 2. 7). A wet piece of filter paper was 
placed behind each pod half to act as a reservoir against the outer surface to 
allow the uptake of water by the pod tissues. The sensor could then detect the 
increasing humidity and record a value when a predetermined level was reached 
in the extended sensor cup. The varieties used in this study were Jl: 141, Jl:73, 
Jl:468 and Jl:192 and 20 replicates of each variety were used. 
A control reading was taken each time measurements were taken for a 
variety in an attempt to identify the proportion of the variation in the results 
which might be attributable to the equipment, rather than to the pods 
themselves. To do this, the time taken for the humidity to reach the 
predetermined level in the sensor cup was recorded using only a damp piece of 
filter paper and the standard errors of those readings were compared to the 
standard errors for the pod samples. The figures for the percentage of the 
variation which is due to experimental variation are given on Figure 2.9 adjacent 
to the bars which represent total variation. 
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Figure 2.7 . Parameter Sensor Head After Modification 
Key 
SH = Sensor Head 
PH = Pod Half 
WV = W at er Vapour 
AC = Air Currents 
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2.4.3.2 Adapted Porometer Method 
Experimental variation was reduced by between 5.2 and 6.6 times within 
each of the varieties after modification of the parameter sensor head. The 
ambient humidity in the surrounding atmosphere was prevented from leaking into 
the sensor cup and interfering with the results. This ensured that the resu lts 
obtained reflected more accurately, the mean values and the biological variation 
inherent in the pod samples. 
Table 2.4 Means and Standard Errors of Pod Permeabilities of Four Varieties 
of Pea. 
Variety n Mean Times S.E. % S.E. due to 
(Arb.Units) Experimental Error 
Jl:192 20 2200.25 133.82 8 .18 
Control 8 365.33 10.94 
Jl : 141 20 1360.75 51.10 14.11 
Control 8 324.75 7.21 
Jl:468 20 1070.7 38.86 15.95 
Control 8 306.38 6.20 
Jl:73 20 1432.6 42.78 13.00 
Control 8 294.63 5.56 
The means shown in Table 2.4 represent the time it takes for the for the 
humidity to reach 38% in the sensor cup ("Low" on the parameter dial). A high 
reading, therefore, represents a low permeability. The parchmentless variety, 
J1:468, was found to be the most permeable of all the varieties using this 
method, whilst the variety, Jl: 192, was the least permeable . 
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2.4.4 Discussion 
The control permeation chamber showed no decrease in weight over the 
24hr period (Figure 2.8) which confirms that the other chambers were losing 
water only via the pieces of pod wall. The variety, Jl: 192, was the least 
permeable of the four varieties tested. Jl:468 was very clearly the most 
permeable, showing a very marked decrease in weight compared to the other 
varieties. In fact, the difference between this and the other varieties would 
suggest that this pod was damaged or split in some way. Jl:73 was slightly less 
permeable than Jl: 141, a similar result to that obtained in the 'Adapted 
Porometer Method' described in this section, and the 'Gravimetric Method' 
(section 2.3). A similar problem exists with this method as in others which only 
examine a small area of pod wall. Pods which had been damaged during 
preparation would have inevitably been included in this experiment, greatly 
increasing the variability of the results to levels above that inherent in the 
material. A large number of replicates would have to be examined which means 
that the method, because of the length of time it takes to measure water uptake 
into each sample, would not be suitable for further development. The only 
alternative would be to have several of the permeation chambers made which 
would prove prohibitive. The electrical method described in the previous section, 
although it measures subtly different processes, is much more suitable to deal 
with the large numbers of replicates needed. 
The results obtained using the modified porometer presented in Table 2.4 
and Figure 2.9. show that the variety, Jl: 192, had the lowest permeability of the 
four varieties measured, correlating well with measurements recorded by other 
methods. Jl:73 and Jl:141 again appeared to have very similar permeabilities, 
intermediate between Jl:192 and Jl:468, the most permeable of the pods 
investigated. Light microscopical studies of the pods in transverse section 
revealed that the pod wall thicknesses varied greatly between varieties. Jl: 192 
had a well developed layer of sclerenchyma tissue as well as a thick layer of 
mesophyll tissue. The variety, Jl:468, lacked the sclerenchyma tissue and also 
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showed a much thinner layer of parenchyma, so that in cross section, it could 
be seen that the areas of vascularization in this variety were actually thicker than 
the parenchyma regions in between (plate 4.1 0). The varieties, Jl: 141 and Jl:73, 
showed intermediate thicknesses of both tissues even though these and Jl:468 
had very similar pod wall thicknesses when fully hydrated. The absence of the 
sclerenchymous 'parchment' layer, as described above, is controlled by the 
genes p and v. Although the experimental variability in the results had been 
reduced by creating a more airtight sensor cup, a fairly high degree of variability 
still existed which could not confidently be attributed solely to biological 
variability. A possible explanation for this is that the parameter readings were 
unreliable. lt was decided that, altering the diffusion distance of the water 
vapour from the pod to the sensor resulted in a non-linear decrease in water 
vapour concentration; instead it fell off exponentially. Extending the distance by 
just a small amount, had disproportionately large effects on the readings. 
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2.5 General Conclusions Arising from the Development of Methods to Measure 
the Water Permeability of Pods. 
The results of the experiments described above indicated that varietal 
differences in epicuticular waxes and the presence or absence of a parchment 
layer do illicit different rates of water uptake into the pod tissues. This is 
demonstrated by the high rates observed for varieties such as Jl:73 (Waxless) 
and Jl:468 (Parchmentless), although the only way to thoroughly substantiate 
this hypothesis would be to investigate water uptake in isolines in which these 
characters vary. Thicker pods (JI: 1921 were observed to be least permeable by 
the methods which measured the amount of water emanating from the inner pod 
surface. Disease has been shown, particularly by the dye uptake method, to 
affect the rates and routes of uptake by the pod. Water saturation of the pod 
tissues was shown by the gravimetric, electrical and dye uptake methods (all 
those which measure the infusion of water into the pod) to occur at levels of 
approximately 60-70% which indicated that an internal barrier to the transport 
of water existed within the tissues. lt is reasonable to assume that this barrier 
is in fact the sclerenchymous parchment layer. 
Since the aim of this project was to investigate the water uptake 
characteristics of the pods, the methods which measured the infusion of water 
into the tissues seemed to yield the most valuable information about the 
physiology of the water uptake mechanism. The methods which measured the 
emanation of water from the pod wall into the pod space are also important as 
they gave an indication of the amount of water vapour that the seeds are likely 
to encounter. The most suitable method investigated so far was the gravimetric 
method because of its simplicity and the fact that it used whole pods, so "ironing 
out" any variations due to localized lesions. The pods could only be sampled 
destructively, but an estimation of the rate of water uptake could be easily 
calculated. The method had the added advantage of including in it the capacity 
for the measurement of the water uptake of the seeds themselves. Most of the 
other methods had disadvantages in that they use many technical resources 
including the time of specialist technical staff and computing facilities. They also 
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measured uptake into only small areas of pod wall. The electrical method 
provided some useful information as it may have independently given an 
indication, both of the ability of the pod to repel water, and to resist the 
transport of water through the tissues. However, the gravimetric method will be 
used for varietal and environmental comparisons later in this project. 
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Chapter 3 
Field Screening of Pea Varieties 
3.1 Introduction 
As evidence exists to suggest that spoilage can be affected by 
environment (Mondragon and Potts, 1974; Rupe and Ferris, 1986; Rudgard and 
Butler, 1987) a plot was set up in the field in order to observe whether different 
varieties were affected to different degrees. For this reason, a range of 
phenotypes were included encompassing variations in pod epicuticular waxes, 
pod wall thicknesses, sclerenchyma layer thickness and integrity as well as 
different pod shapes and colours. A subset of varieties could then be selected 
for further examination (chapter 4) using, amongst other techniques, the method 
of measuring pod permeability determined in the previous chapter. lt is possible 
that certain pod characteristics may then be identified as being more prevalent 
in pods less vulnerable to spoilage. 
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3.2 Materials and Methods 
3.2.1 Materials 
The varieties used for these observations encompassed the broadest range 
of pod phenotypes available. The most prominent characteristics of each are 
outlined in Table 3.1. 
Table 3.1 The Most Prominent Phenotypical Characteristics of the Varieties 
of Pea (Pisum sativum L.) Grown in the Field Observations at 
Rumleigh Experimental Station. 
Variety Phenotype Variety Phenotype 
Jl:1037 Neoplastic Jl:129 Blunt Apex 
Jl:907 Neoplastic Jl:119 Blunt Apex 
Jl:972 Purple Pod Jl:44 Blunt Apex 
Jl:695 Purple Pod Jl:468 Parchmentless 
Jl:694 Purple Pod Jl:69 Parchmentless 
Orange Orange Pod Jl:792 Wax less 
Onward Commercial Jl:132 Wax less 
Progress No.9 Commercial Jl:62 Waxless 
Feltham 1st Commercial Jl:192 Thick Walled 
Meteor Commercial Jl:76 Thick Walled 
Jl:65 Acute Apex Jl:68 Thick Walled 
Jl:141 Acute Apex 
Neoplastic varieties had growths arising from epidermal tissue on the pod 
surfaces (described in more detail, section 4.1 (supp)) and the parchmentless 
varieties lacked the layer of toughened sclerenchyma tissue in their pod walls. 
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3.2.2 Methods 
Throughout the dehydration period of the pods, the water content and 
extent of disease on the pods were monitored. 
3.2.2.1 Mean Water Contents 
Fruits were harvested and pods and seeds were weighed. They were then 
dried in an oven at 120°C for 24 hrs and reweighed. The moisture contents were 
calculated for pods and seeds of all the varieties using the formula: 
% Water Content = Wet Wt Cql - Dry Wt. Cgl x 1 00 
Wet Wt. (g) 
3.2.2.2 Mean Disease levels 
Equation 3.1 
The levels of pod infestation were also recorded. Details of the index 
devised to categorise the pods according to the degree of severity of infection 
is presented in Table 3.2. 
Table 3.2 Description of the Arbitrary Disease Index composed for this study 
Disease Index Description 
Level 0 No diseases present on pod. 
Level 1 1% - 20% coverage with fungal hyphae 
Level 2 21 % - 40% coverage with fungal hyphae 
Level 3 41% - 60% coverage with fungal hyphae 
Level 4 > 61% coverage with fungal hyphae 
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3.2.2.3 Rainfall Response 
The direct response of the water contents of the pods to specific period 
of rainfall was calculated as a more indicative measurement of the potential of 
a pod to absorb water. 
3.2.2.4 Age of Pods 
As early podding may be deemed to be a desirable characteristic, the date 
of pod anthesis was recorded as another factor and taken into account when 
selecting favourable varieties. 
Once all the variables had been measured over the growing period, the 
varieties were ranked in order from the most favourable reaction to the least 
favourable reaction under each variable (table 3.3). For example, the variety with 
the lowest response to a period of rainfall (a favourable response) would be given 
a value of one (1 ). The variety which absorbed the most water (an unfavourable 
response) would be given a value of Twenty-three (23). Once this had been done 
for all the variables measured, the ranks for each variety were added together. 
In this way, an indication of the least vulnerable varieties could be obtained, 
taking into account all the desirable attributes. In addition to this, a more specific 
analysis of the results under each variable was made. As stated previously, the 
purpose of this field trial was merely to select varieties with favourable pods for 
further investigations, however a Spearmans Rank Correlation was conducted to 
determine the relationships between some of the variables. 
r =1- 6Ed2 
s n(n2-1) 
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Equation 3.2 Spearmans 
Rank Correlation 
Coefficient. 
Figure 3.1 
The environmental parameters throughout the month of August 1990. 
The month began with very high temperatures (up to 34°C) and relative 
humidities which then decreased to an average maximum of approximately 21 oc 
and 84%RH. A period of rainfall occurred after the 13th day lasting for 5 days. 
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Figure 3.1. Environmental Parameters throughout the dehydration period 
of the pods in the field. 
3.3 Results 
Figure 3.2 
Mean Percentage Water Contents of the Varieties used in the Field Plot. 
The water contents of pods of each variety were measured on successive 
dates throughout August 1990 and a mean value was calculated. Standard Error 
bars are shown and the letters 'G' and 'B' indicate those varieties which were 
later chosen for further investigation. 
Meteor (Commercial) showed the lowest mean water content whilst 
Jl:792 (Waxless) showed the highest. 
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Figure 3.3 
Rainfall Response: Increase in Percentage Water Content After Rainfall. 
The mean pod water contents were calculated before the period of rainfall 
(which occurred 13th August 1990) and afterwards to give an indication of how 
readily pods absorbed water from the environment. The letters 'G' and 'B' 
indicate those varieties which were later chosen for further investigation. 
The greatest uptake of water was observed in Jl:694 (Purple Podded), 
Jl: 132 (Waxless) and Jl:468 (Parchmentless). Jl:907 and Jl: 1037 (Neoplastic) 
took up the least amounts of water. 
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Figure 3.4 
Mean Water Contents of Varieties Grouped According to Phenotype. 
The varieties were grouped according to their most prevalent physical 
characteristics and the means of the water contents of each group were 
calculated for successive sampling dates throughout August 1990. This gives an 
indication of the effects of the pod phenotype on the water contents of the pods 
including their response to a period of rainfall. 
Key: Solid Blue -Neoplastic Pods 
Solid Yellow -Purple Pods 
Solid Red -Commercial Varieties 
Solid Green -Acute Apexed Pods 
Dashed Red -Blunt Apexed Pods 
Dashed Green -Parchmentless Pods 
Dashed Blue -Waxless Pods 
Dashed Yellow -Thick Walled Pods 
Neoplastic Pods had the lowest water uptake and mean values whilst 
waxless and parchmentless phenotypes showed the highest mean water 
contents and rates of uptake from the environment. 
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Figure 3.5 
Mean Disease Indices Recorded for Pods of Each Variety. 
The pods were monitored for disease levels throughout August 1990 using 
the arbitrary index described in section 3.2.2.2. The mean value was plotted for 
each variety. Standard Error bars are shown and the letters 'G' and 'B' indicate 
those varieties which were later chosen for further investigation. 
The lowest levels of disease were observed on Onward (Commercial), 
Jl:907 (Neoplastic), Jl:695 (Purple Podded), Progress No.9 (Commercial) and 
Jl: 119 (Acute Apex). The most severely infected varieties included Jl: 76 (Thick, 
Semi-parchmentless) and Jl:792 (Waxless). Jl:141 showed a high level of 
disease because it was infected with pea moth (Cydia nigricana L.l 
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Table 3.3 Ranking of varieties under each variable and overall 
ranks for each variety 
I Variety I Mean% Rain Disease Disease Age of Total Water Resp. (pods) (plants) Pods Rank 
Cont.(1) (2) (3) 
J1:1037 4 4 8.5 6.5 17 40 
Jl:907 2 9 3.5 6.5 2.5 23.5 
Jl:972 17 5 13.5 6.5 17 59 
Jl:695 10 12 3.5 1 1 9 45.5 
Jl:694 16 23 13.5 21.5 21 95 
Orange 22 3 8.5 2 22.5 58 
Onward 21 2 1 1 17 42 
Pro.9 15 11 3.5 4 2.5 36 
Fe.1 st 14 20 17 11 2.5 64.5 
Meteor 1 13 13.5 11 9 47.5 
Jl:65 12 14 20.5 11 9 66.5 
Jl:141 3 8 17 17.5 2.5 48 
Jl:129 11 10 8.5 15 9 53.5 
Jl:119 5 19 3.5 21.5 9 58 
Jl:44 6 7 8.5 21.5 17 60 
Jl:468 20 21 17 3 17 78 
Jl:69 19 6 20.5 6.5 9 61 
Jl:792 23 1 22.5 14 17 77.5 
Jl:132 18 22 19 17.5 22.5 99 
Jl:62 13 17 8.5 1 1 17 66.5 
Jl:192 7 15 13.5 17.5 9 62 
Jl:76 8 16 22.5 21.5 9 77 
Jl:68 9 18 8.5 17.5 9 62 
Overall 
Rank 
3 
1 
1 1 
5 
22 
9.5 
4 
2 
16 
6 
17.5 
7 
8 
9.5 
12 
21 
13 
20 
23 
17.5 
14.5 
19 
14.5 
J1:907 (Neoplastic), Progress No.9 (Commercial) and Jl: 1037 (Neoplastic) 
were the most successful varieties overall, whilst Jl:792 (Waxless), Jl:468 
(Parchmentless) and Jl:694 (Purple Podded) were the least successful. 
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Table 3.4 Calculations of Spearman's Rank Correlation Coefficient between 
Variables 
Variables Sum of d2 rs t Significance 
Compared (No.s 
from Table 3.3) 
(1) & (2) 2286.0 -0 .129 -0.596 Not Sign. 
(1) & (3) 900.5 0.555 3 .057 Significant 
lt can be seen from the results of the Spearmans Rank Correlation 
Coefficient that the mean % water contents of the pods are not related to the 
number of days after anthesis (pod age) of each variety . The rainfall response 
was not completely independent of the mean % water content of the pods . 
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3.4 Discussion 
lt can be seen from the results of the Spearmans Rank Correlation 
Coefficient (table 3.4) that the mean % water content of the pods are not related 
to the number of days after anthesis (pod age) of each variety. The rainfall 
response was showed a very low correlation with the mean % water content of 
the pods. At one end of the scale where pods had very high water contents, the 
rainfall response was invariably negative (ie. water continued to be lost from the 
pods during the period of rainfall), but the pods with the lowest water contents 
before the rain did not necessarily show the greatest uptakes (eg. Jl: 1 037). 
These pods therefore, are demonstrating a desirable response. 
A pod variety that emerged from the analysis with a low overall rank was 
likely to have had a balance of the best qualities and therefore, may not have 
been the most favourable variety under each individual variable. 
The method of totalling ranks for each variety under a range of variables 
has it's advantages however, in that it selects pods with the optimum, collective 
responses, taking into account all the important variables which have the 
potential to determine the extent of pod spoilage. More information regarding the 
effects of individual, environmental variables could be obtained if the inherent 
disease resisting capacity of the pods could be quantified and ranked, then this 
factor could be taken into account and considered when testing for the existence 
of correlation between the variables and disease indices. For the purpose of the 
selection of varieties, however, the disease indices were ranked and included in 
the calculation tor total, overall ranks of the varieties. More controlled 
experiments are described later in this investigation which examine more 
thoroughly, the relationship between water uptake variables and the extent of 
disease on the pods (Chapter 4). The varieties which appeared most suited to the 
environment in this study were those with the lowest overall ranks (table 3.3). 
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Jl:907 was successful (it had the lowest overall rank of all the varieties) 
because of it's low mean disease index for August (fig.3.5). as well as a low 
mean % water content for the same period (fig.3.2). lt was also one of the first 
varieties to produce pods (in late July). Progress No.9 was the second most 
successful pod due, mainly, to it's early podding and it's low incidence of 
disease (fig.3.5). The variety showed a middle of the range mean % water 
content and also an average response to a specific period of rainfall; often the 
case when pod tissues have a higher water content. The variety Jl: 1037, 
although a late podder was favourable in all other respects. The pods developed 
and dehydrated very quickly after anthesis and the mean % water content over 
the period was kept very low, contrary to the general negative relationship 
between the two variables. This may have been as a result of the poor efficiency 
of the hydrophobic barriers (demonstrated by the electrical apparatus; section 
2.3.4) which allowed the rapid dehydration of the pod after it reached maturity. 
This would also account for the low rainfall response, as the water would 
evaporate from the pod tissues very soon after having been taken up. The 
disease incidence on the pods over the period was also very low. Another 
commercial variety, Onward, came fourth in the overall rankings as a result of 
it's very low incidence of disease. This was largely due, however, to the very 
late development of it's pods. The high mean % water content which can be 
seen to accompany this is due to the pods' immaturity throughout the period of 
measurement. and the very late podding of this variety which made it unsuitable 
for inclusion further investigations. Jl:695 had the fifth most successful pods 
and showed a medium response under all the variables measured. lt's strength 
was in it's low incidence of disease, so further investigations of this variety 
would be useful to determine whether a structural or physiological feature is 
responsible or if it's the inherent disease resistance of the pod which determines 
the low infection of this variety. Jl:695 was also a relatively early podder, 
emerging 7-9 days after the first varieties. The sixth most successful pods were 
the commercial variety, Meteor, with the lowest mean% water content of all the 
varieties. This was counteracted however, by a relatively high uptake of water 
during the period of rainfall. Next came Jl: 141, despite a heavy infestation with 
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pea moth (Cydia nigricana), hence the high values for disease indices. lt was 
very early podding, however, and had an especially low mean % water content 
for the month of August. This low mean % water content didn't result in a high 
rainfall response in this case, and this is the most desirable characteristic of this 
variety. The final of the favourable pods to be chosen for further investigation 
was the variety, Jl: 129, which showed a medium ranking for all the variables 
measured. 
The most unfavourable varieties were also chosen for further work as a 
comparison to those described above. The variety, Jl: 132, showed a very high 
mean % water content and despite this, it also showed a high absorbence of 
water during the period of rainfall. A similar situation could be seen in the pods 
of the varieties, Jl:694 and Jl:468. Jl:792, however, had the highest mean % 
water content of all the varieties and did not absorb any more water during the 
period of rainfall. In fact the % water content actually dropped during these 
hours (fig.3.3). hence the high ranking for rainfall response and the reason for 
the degree of positive correlation observed at this end of the scale. All of these 
unfavourable varieties were heavily infected with disease and they were all very 
late to develop. 
Once the varieties had been chosen from the field it was possible to 
examine them for any other features which were not included in the ranking 
system used to select them. lt was noted from the catalogue of pod 
specifications that the recorded pod wall thicknesses were less, in the most 
favourable varieties, and were greater in the least favourable ones. The shape of 
the pod apex was not significantly different between the two groups of pods. 
Two of the most favourable varieties had Neoplasms (Cancer-like growths of 
epidermal origin). Jl:907 and Jl:1037 (Plate 4.20), and another two were 
commercial varieties, Progress No.9 and Meteor, which would be expected to 
have a high level of disease resistance. The worst ranking pods included 
Parchmentless varieties and those without a surface layer of wax crystals. 
Genotypically thick walled pods were also badly affected and were prone to 
splitting (JI: 76). 
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The effects of pod phenotype could be analysed from a different 
perspective by grouping them together according to their prevalent physical 
characteristics. The means of the pod varieties grouped in this way were 
calculated for their mean % water contents and it can be seen (fig.3.4) that the 
pods with neoplasms (JI:907 & Jl: 1 037) had the lowest mean% water contents 
over the measuring period for reasons explained above {J1:1037). Thick walled 
varieties also had a low mean % water content, so did acutely and bluntly 
apexed pods. The highest mean % water contents were observed in 
parchmentless and waxless pods although the water content decreased sharply 
towards the end of the period. This may mean that these varieties retained the 
absorbed water for much longer than the others varieties. 
The mean rainfall response appears low for commercial and waxless 
varieties because varieties in these groups had very high % water contents and 
showed no further increase after the period of rainfall {fig.3.3). Indeed, they 
continued to lose water and therefore some varieties show a negative increase 
in % water content which, as mentioned earlier, results in a negative correlation 
between these two variables at this end of the scale. 
In addition to a low mean % water content, the mean rainfall response 
was very low for pods with neoplasms. Thick and parchmentless pods had a 
very high mean rainfall response despite the value for parchmentless pods having 
possibly been depressed by their high water content. The high rainfall response 
for thick pods may be important because the susceptibility of these pods to 
water uptake and their fluctuation in water content may be responsible for the 
high levels of disease seen in these varieties (they had low mean % water 
contents). As demonstrated in the experiment (section 2.3) which electronically 
measures the rate of influx of water into the pod tissues, thicker pods had higher 
mean rates of water uptake but. more significantly, there was a high variability 
in the rates between pieces of pod from the same variety. This suggested that 
the pod tissues were damaged in some way by the influx. Other evidence may 
also exist to suggest that thick walls may be disadvantageous to pod health. For 
example, the purple podded group of varieties consists of two varieties with thin 
walls and one variety with thicker walls. The thicker walled variety (JI:694) 
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behaved less favourably, under most of the variables, than the other two. No 
conclusive evidence exists for this theory in the other groups of varieties, 
however. 
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3.5 Summary 
lt would appear from the results that phenotypic differences in pod wall 
structure may elicit different degrees of water uptake and water content in the 
pod wall tissues of a range of pea varieties. 
Varieties which lack the apparently water resistant layers of pod tissue Eg. 
Parchment (Sclerenchyma) or a surface layer of crystalline wax, appear to be 
very poorly adapted to a wet/humid climate. They have high water contents and 
high absorbency of water in addition to that, and maybe as a consequence, they 
appear to have a generally high incidence of disease on their pod surfaces. 
Some evidence also exists to suggest that a fluctuation in water content 
is detrimental to pod health as shown by thick podded varieties whose high 
levels of disease were attributed, not to a high mean % water content for the 
group, but to a large variation in % water content as measured by response to 
rainfall. The high infection of parchmentless varieties may also have been, not 
solely due to high % water contents but also a large variation in % water 
contents (also measured by response to rainfall). 
The most favourable properties were observed in varieties with 
Neoplasms, possibly because of the very low water retention time within the 
tissues. Further experiments must be performed on the neoplastic pods to 
determine the reason for their success (section 4.1 (supp)). 
Thinner pods were observed to behave more suitably than thicker pods 
although the seeds within thinner pods may suffer as a result of the water simply 
passing through the pod; the pod itself retaining the minimum amount of water. 
Pods that were originally included in the field trial to examine the effects of the 
shape of the pod apex also seemed to behave very favourably under most of the 
variables measured, possibly because the detrimental features of the other pod 
groups were absent. The commercial varieties showed a wide range of responses 
as a group and two varieties proved especially well suited to wet/humid 
conditions. 
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Chapter 4 
Experiments to Determine the 
Physiological, Chemical or 
Morphological 
Basis for Spoilage in the Field 
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Chapter 4 
Experiments to Determine the Physiological, Chemical or Morphological Basis for 
Spoilage of Pea (Pisum sativum L.) Fruits in the Field. 
4. 1 Varietal Comparisons in Pod Physiology 
4. 1 . 1 Introduction 
As with most plant processes, a gradient exists amongst varieties of the 
pea (Pisum sativum l.) in the degree of spoilage experienced by them in the field. 
Some varieties are highly susceptible whilst others are much more resilient. This 
was confirmed when a plot was set up at the University of Plymouth 
Experimental Station at Rumleigh, Devon (Grid Ref. SX20 443 680). lt consisted 
of 23 varieties of Pisum sativum and several variables were measured throughout 
the growth, maturation and dehydration stages (ch.3). lt was found that the 
varieties did indeed vary greatly in their degree of spoilage, however there were 
no apparent common physiological factors either between the most successful 
varieties (Group A varieties) or those varieties showing a poor performance 
(Group 8 varieties) (section 4.1.1). 
As a result of these observations many questions arose. Perhaps most 
importantly was the question of what caused some of the pods and not others 
to be susceptible to spoilage. Rupe and Ferris (1986), found that there was a 
linear relationship between the level of infection of soybean (Glycine max l.) 
pods by Phomopsis sp. and pod water contents of between 19% and 35%. 
Rudgard and Butler (1987), agreed that cocoa (Theobroma cacao l.) pod 
infection is a function of pod wetness. Mondragon and Potts ( 1974), found that 
it was not only the water content of soybean pods which affected the degree of 
spoilage, but the environment had a great effect by altering the rates at which 
water transpired from the pod. A low humidity/high temperature environment 
caused the localised build-up of internal water vapour pressures due to the high 
water potential gradients which existed between the pod wall and the 
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atmosphere (Skoss, 1955; Baker and Procopiou, 1982). 
A second question then arises. If indeed, higher water contents are 
responsible for higher degrees of spoilage of pea fruits, what aspects of the 
physiology, chemistry or morphology of the pea pod causes them to take up and 
retain water more readily 7 
Plant surfaces have a number of natural defences which are designed to 
prevent the excessive loss of water from the underlying tissues (Hallum and 
Juniper, 1971 ), and which in the pod also serve to prevent the unwanted uptake 
of water from the environment during the period of maturation (senescence). lt 
may be possible that these natural defences have been damaged or are less 
efficient in pods which are susceptible to spoilage. The layer of epicuticular wax 
is the first barrier to the passage of water into the maturing pod and it is known 
that, in the leaf, this layer can vary in thickness according to the environment; 
it becomes thicker when conditions which might increase the rate of 
transpiration prevail (Skoss, 1955; Daly, 1964; Saunders, 1971; Baker, 1982; 
Baker and Procopiou, 1982; AI-Jaff, 1982; Chapter 6). lt may be, therefore, that 
the layer also varies in efficiency between varieties and infection occurs more 
readily on pods which have lower amounts of wax on their surfaces. 
Boize et al. ( 1976) amongst others, proposed that epicuticular waxes 
affect the surface wettability of leaves, not just as a result of the thickness of 
the layer, but also the microscopic conformation of the wax crystals. "The high 
wettability may lead to a higher rate of water uptake from the environment 
(through rain droplets and dew formation; Gillespie and Kidd, 1978) and 
ultimately, to a higher mean water content within the pod tissues. Beneath the 
cuticle lies the epidermal and parenchyma tissue which, if damaged, may have 
important effects on pod permeability and/or water holding capacity. 
A series of experiments were designed to examine the factors which cause 
the pods to become more susceptible to infection. They examined whether it is 
the rate of water uptake into the pod tissues (or their water contents), and if 
these factors were implicated, the experiments would help determine what 
caused some pods to take up water at different rates to others. The study would 
therefore address the question of to what extent the epicuticular wax affects the 
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rate of water uptake into the pods, and whether indeed it would simply be 
responsible for determining the wettability of the pod surface. lt would be 
valuable to assess how the wettabllity itself Is related to the rate of water uptake 
into the pod, and to what extent this is related to the mean water content of the 
pods. In addition to varietal comparisons of physiological water uptake 
characteristics, aspects of the pods' chemistry were investigated together with 
an examination of pod structure. 
A series of experiments were performed on Group A and Group B varieties 
(seven group A and four group B) in an attempt to answer some of the above 
questions. They included the pod tissue water uptake which was designed to 
measure the amount of water absorbed by the pod tissues from an imposed 
environment of high humidity and temperature. From the results the rate of water 
uptake was estimated together with a composite water content for the period of 
the experiment for purposes of comparison. The amount of pod surface wax was 
quantified which gave an accurate measurement of the amount of wax per cm2 
of pod surface for each variety. lt did not however, give any indication of the 
structure or conformation of the epicuticular wax layer. The amount of pod 
surface water retention was also attained giving a wettability coefficient for each 
variety expressed as the amount of water retained per cm2 of pod surface. 
Finally, the pod surface wax was examined using scanning electron microscopy. 
This was done in order to elucidate the surface characteristics of the pods and 
the conformation of the wax crystalline structure. 
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4.1.2 Materials and Methods 
The varieties used throughout this chapter were chosen after the field 
observations described in Chapter 3. Those varieties which exhibited favourable 
properties such as a low level of infection and low levels of water uptake were 
grouped together and, for future reference, they were named Group A Varieties. 
Those varieties at the opposite end of the scale for the variables examined were 
grouped together and termed Group B Varieties. 
Table 4.1 The Top Seven and the Bottom Four Varieties Ranked According to 
the Responses of the Pods to a Number of Combined Variables. 
Group A Varieties 
Jl:907 
Progress No.S 
Jl:1037 
Jl:695 
Meteor 
Jl:141 
Jl:129 
Group B Varieties 
Jl:76 
Jl:792 
Jl:468 
Jl:694 
Phenotypical Pod Characteristics 
Neoplastic 
Standard, Commercial Variety 
Neoplastic 
Purple 
Standard, Commercial Variety 
Standard Variety 
Thick Pod 
Thick Pod Wall, Partial Parchment 
No Epicuticular Waxes 
Parchmentless 
Purple 
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4.1.2.1 Pod Tissue Water Uptake 
The pods were placed, in batches of five, in sealed vessels which 
contained cotton wool soaked in water at 30°C. The pods were separated from 
the cotton wool by metal gauze so they were subjected to an atmosphere of high 
humidity and temperature without actually coming into contact with a damp 
substrata or being submerged in any way. The sealed vessels were then placed 
in a water bath, also at 30°C, and a batch of pods were removed after seven 
different periods of time ranging from 0.25 hours to 8 hours including a batch 
which had not been subjected to these conditions. These periods were chosen 
to give an indication of the rate of water uptake and the percentage water 
contents of the pod tissues at levels approaching saturation. The wet weights 
of the pods and the seeds within them were recorded and then they were dried 
in an oven at 120°C for 24hrs so that the % water contents of the tissues could 
be calculated thus: 
%WC= WetWeight(g)-DryWeight(g) x100 Equation 4.1 
WetWeight(g) 
Once the water contents at each time had been calculated, a value for the 
period was calculated for each variety. This was a 'composite value', 
meaningless mathematically, but useful as a numerical quantity by which all the 
varieties could be compared (all the water contents were added together and 
divided by 35; the number of measurements taken for each variety). The mean 
difference between the mean % water content at 0 and 2 hours was calculated 
to give an estimation of the initial rate of water uptake. This was done because 
it was not possible to obtain the actual rate of water uptake. This would require 
a non-destructive sampling technique which was not possible in this experiment. 
The Standard Error of Difference (SED) gives the variability associated with the 
80 
mean difference. A two hour period was chosen as the rate has been observed 
to plateau after this length of time (Miles, 1990). 
4.1.2.2 Pod Surface Wax Amount 
The method described below was taken from Ebercon et al. ( 1977) and 
was used to determine the amount of wax present on the pod surface. 
Reagent - 10 mls of distilled water were added to 5g Potassium 
Dichromate and 250 mls of cone. H2S04 were added to the 
slurry. The mixture was gently heated until a clear solution 
was obtained. 
The surface wax was extracted by allowing 1 0 mls of chloroform to run 
over the surface of each pod from a burette. The extract was then evaporated 
to dryness in a water bath and 5 mls of reagent were added. Each solution was 
then placed in a boiling water bath for 30 minutes. After cooling, 12 mls of 
distilled water were added and the solutions were left, again to cool and for the 
colour to develop. The absorbencies of the solutions were measured at 590nm 
on a "Cecil CE303 Grating Spectrophotometer". A total of five pods of each 
variety were used in this investigation. A separate calibration was carried out for 
each group of measurements. This was done by extracting and weighing a large 
amount of wax from pea pods and then redissolving the wax and dividing it into 
known quantities. Each quantity was then treated in the way described above 
and a calibration curve was constructed. This was used to calculate the actual 
weights of wax extracted from each pod in the study. The weights were then 
divided by the surface area of each pod measured using a "Surface Area 
Quantifier (Delta-T Devices)". 
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4.1.2.3 Pod Surface Water Retention 
Pods of each variety were independently submerged in distilled water for 
10 seconds. They were subsequently suspended for 30 secs to allow any excess 
water to run off the pod surface before they were reweighed. The amount of 
water retained on the pod surface could then be recorded by calculating the 
difference between the post-submersion weight and the pre-submersion weight 
of the pod. This figure was then divided by the surface area of the pod in cm2 
so that the amount of water retained per unit area could be calculated. Eight 
pods from each of the eleven varieties were used in this study. 
4.1.2.4 Pod Surface Wax : Qualitative Study 
Samples were mounted on colloidal graphite and freeze quenched in liquid 
nitrogen slush (-212°C) prior to transfer under vacuum to the preparation 
chamber of the CT1500 (Oxford Instruments) cryotrans unit. Following transfer 
to the SEM stage (Joel 61001 surface ice was sublimed at -aooc prior to gold 
sputter coating and subsequent observation at 15kv. Representative micrographs 
were taken from pods of each variety. 
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4.1.3 Results 
4.1.3.1 Pod Tissue Water Uptake 
Table 4.2 The % Water Contents of Pods of Varieties from Group A After 
Different Periods of Exposure to Water Vapour Saturated 
Environments. 
The Initial Increases in % Water Contents have been calculated for each 
of the varieties over the first two hours of the experiment. This gave an 
indication of the rate of water uptake (section 4.1.2.1 ). 
Time Varieties 
(hrsl Jl:907 Pro.9 Jl:1037 Jl:695 Meteor Jl:141 Jl:129 
0.00 14.56 15.13 14.56 16.09 14.36 14.67 16.19 
0.25 17.65 19.09 19.03 20.60 21.41 20.30 21.40 
0.50 20.40 19.51 20.23 21.85 23.38 21.89 21.69 
1.00 22.32 24.68 23.51 23.03 29.27 24.12 22.13 
2.00 26.32 26.20 29.17 28.78 34.60 26.29 26.14 
5.00 31.82 31.49 35.70 31.80 39.50 28.08 32.02 
8.00 36.24 36.01 39.89 37.56 50.35 34.10 33.46 
Composite 24.19 24.59 25.99 25.68 30.37 24.20 24.72 
Water 
Content 
S.Error 1.27 1.22 1.55 1.21 1.97 1.06 1.07 
(n = 35) 
Initial 
Increase in 11.76 11.08 14.61 12.70 20.24 11.62 9.96 
%WC 
SED's 1.33 1.04 0.97 1.53 1.30 1.05 0.61 
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Table 4.3 The % Water Contents of Pods of Varieties from Group B After 
Different Periods of Exposure to Water Vapour Saturated 
Environments. 
The Initial Increase in % Water Content has been calculated for each of 
the varieties over the first two hours of the experiment. 
Varieties 
Time 
(hrs) Jl:76 Jl:792 Jl:468 Jl:694 
0.00 20.58 15.76 17.05 13.56 
0.25 31.37 21.66 26.16 18.10 
0.50 29.15 24.19 29.83 20.05 
1.00 32.99 24.57 32.68 23.74 
2.00 37.55 29.16 32.88 27.45 
5.00 43.10 35.99 39.61 31.57 
8.00 45.91 45.57 43.57 33.47 
Composite 34.38 28.16 31.25 23.99 
Water 
Content 
S.E. 1.50 1.63 1.52 1.18 
(n=35) 
Initial 
Increase in 16.97 13.40 15.83 13.89 
%WC 
SED's 0.94 1.12 0.76 0.48 
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Figure 4.1 (overleaf) 
Composite values (section 4.1.2.11 calculated from Mean Water Contents 
(as a % of fresh weight) of pods of each variety over the full eight hours of the 
experiment. Standard errors are shown (n = 35). 
There are significant differences between the varieties at the 5% level. 
Group 8 varieties have significantly higher water contents at the 1 0% level 
despite the high degree of Interaction between the variables of water content 
and time. 
Meteor (Commercial), Jl:76 (Thick walled, Semi-parchmentless) and 
Jl:468 (Parchmentless) all have high mean water contents. Group 8 varieties 
have a higher overall water content than group A varieties. 
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Fig.4.1 Composite Water Contents of Each Variety Throughout Uptake Period 
Figure 4.2 (overleaf) 
Increases in mean water content (as a %of fresh weight) for pods of each 
variety after being subjected to an environment of water vapour saturation for 
two hours. 
The difference between the means represents the initial rates of increase. 
Standard errors of difference between the means are shown. 
There is a significant difference between the two groups of varieties at the 
10% level. 
Meteor (Commercial), Jl:76 (Thick walled, Semi-parchmentless) and 
Jl:468 (Parchmentless) all have high initial increases in water contents. Group 
B varieties have a higher rates of increase than group A varieties. 
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Fig.4.2 Increases in Water Content Over First 2 Hrs of Water Uptake Experiment 
Figure 4.3 
Mean water contents (as a % of the fresh weights) for pods of all the 
varieties (pooled data) after periods of up to 8 hours submersion in a water 
vapour saturated atmosphere. Standard errors are shown. 
The differences between the water contents after each period are highly 
significant at the 5% level. 
The rate of uptake is high initially. lt then decreases as the pods become 
saturated. 
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Table 4.4 The % Water Contents of Pods of All The Varieties After Different 
Periods of Exposure to Water Vapour Saturated Environments. 
Para-
meter 
Period of Exposure to Water Vapour Saturated Environment 
(Hrs) 
0.00 0.25 0.50 1.00 2.00 5.00 8.00 
X 15.68 21.23 22.91 25.75 29.50 34.60 39.64 
S.E. 0.275 0.574 0.502 0.603 0.584 0. 711 0.912 
Estimated Mean Uptake (after 2hrs) = 13.8 %WC SED = 0.65 
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Analysis of Variance (Twoway for Variety and Time) 
H0 = there is no significant difference between the composite water contents 
of the varieties or between the mean water contents at the different times. 
Source DF ss MS F p 
Variety 10 4331.26 433.13 59.74 <0.1% 
Time 6 22193.43 3698.90 510.19 <0.1% 
Interaction 60 1460.05 24.33 3.36 <0.1% 
Error 308 2231.56 7.25 
TOTAL 384 30216.30 
Duncans Multiple Range Test 
Least Significant Difference (LSD) - Between Varieties 
SED 2 x Error MS 
nxC 
where C is the number of Sample Times {7). 
SED 2 X 7.25 = 0.2433 
35 X 7 
LSD = t x SED where t is the value from table at the 0.025 level 
with Error DF. 
LSD = 1.96 x 0.2433 = 0.4769 
The lines underneath the varieties below connect those varieties between 
which there is no significant difference. The varieties have progressively higher 
composite water contents from left to right and those varieties shown in italics 
are group B varieties. 
J/:694 Jl:141 Jl:129 Jl:1037 Meteor J/:76 
Jl:907 Pro.9 Jl:695 Jl: 792 J/:468 
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Analysis of Variance Between the groups of Varieties 
(Oneway for Rates of Water Uptake per Hour) 
H0 = there is no significant difference in Initial increases in water contents 
between the groups of varieties. 
Source OF ss MS F p 
Group 1 9.03 9.03 1.0199 >0.05 
Error 9 79.70 8.856 
Total 10 88.73 
There is a chance of between 5-1 0% that there is no difference between the two 
groups in rates of water uptake per hour. 
Summary of the Results 
The statistical analyses show that there is a significant difference in water 
contents, represented by the composite values, between the varieties at the 1 % 
level. The precise nature of these differences are shown above. The differences 
are much less significant between the two groups of varieties where initial 
increases in water content are concerned. There are also significant differences 
at the 1% level between mean water contents at the different times however it 
must be noted that there is a significant interaction at the 1 % level between the 
two variables, caused mainly by the fact that all the water contents were 
included in the calculation of the composite values regardless of at what time 
during the experiment they were recorded. 
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4.1.3.2 Pod Surface Wax Amount 
Table 4.5 The Mean Amounts of Epicutlcular Waxes on the Pod Surfaces. 
Group Variety n Mean Standard Error 
Amount of 
Wax 
(gcm·21 
Group A Jl:907 5 0.049 0.0045 
Pro.9 5 0.086 0.0045 
Jl:1037 5 0.051 0.0045 
Jl:695 5 0.115 0.0049 
Meteor 5 0.037 0.0022 
Jl:141 5 0.119 0.0241 
Jl:129 5 0.123 0.0134 
Total 35 0.083 0.0071 
Group B Jl:76 5 0.043 0.0031 
Jl:792 5 0.025 0.0004 
Jl:468 5 0.083 0.0085 
Jl:694 5 0.050 0.0018 
Total 20 0.052 0.0051 
Figure 4.4 (overleaf) 
Mean amounts of Epicuticular Wax per unit area of pod surface for each 
variety. Standard errors are shown. 
There are significant differences between the varieties at the 5% level and 
between the two groups of varieties at the 1 % level. 
Jl: 141 (acute apex), Jl: 129 (blunt apex) and Jl:468 (parchmentless) all 
had high amounts of wax on their pod surfaces. Group A had more than gp.B. 
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Fig.4.4 Mean Amounts of Epicuticular Wax on Pods of Each Variety 
Analysis of Variance 
Ho = there is no significant difference between the varieties. 
Source 
Variety 
Error 
TOTAL 
DF 
10 
44 
54 
ss 
0.063454 
0.023650 
0.087104 
Duncans Multiple Range Test 
MS 
0.006345 
0.000537 
F 
11.81 
Least Significant Difference (LSD) 
SED = s x/1/n; + 1/ni where s =)Error MS 
SED = 0.0232 xJ1 /5 + 1/5 
p 
>0.001 
SED = 0.0147 the SED is used to calculate the LSD thus: 
LSD = t x SED where t is the value from table at the 0.025 level 
with Error DF. 
LSD = 2.021 x 0.0147 = 0.0297 
The lines underneath the varieties below connect those varieties between 
which there is no statistically significant difference. The varieties have 
progressively lower amounts of wax from left to right and those varieties shown 
in italics are group 8 varieties. 
Jl:129 Jl:695 
Jl:141 Pro.9 
J/:468 
Jl:1037 
J/:694 Jl: 76 
Jl:907 Meteor 
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J/:792 
Analysis of Variance (between Groups) 
Ho = there is no significant difference between the groups of varieties. 
Source 
Group 
Error 
TOTAL 
DF 
1 
53 
54 
ss 
0.01355 
0.07355 
0.08710 
Summary of the Results 
MS 
0.01355 
0.00139 
F p 
9.76 0.003 
The statistical analyses show that there is a significant difference at the 
1% level between the varieties in the amount of wax on the pod surface. The 
groups are significantly different at the 1% level. 
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4.1.3.3 Pod Surface Water Retention 
Table 4.6 The Mean Wettability Coefficients of the Pod Surfaces Expressed 
as mg water retained per cm2• 
Group Variety n Mean Standard Error 
Wett.Coeff. 
(mgcm-2) 
Group A Jl:907 8 5.057 0.3578 
Pro.9 8 3.734 0.2132 
Jl:1037 8 4.917 0.7177 
Jl:695 8 4.366 0.2917 
Meteor 8 3.279 0.1506 
Jl:141 8 3.710 0.0955 
Jl:129 8 3.312 0.2394 
Total 56 4.054 0.1551 
Group 8 Jl:76 8 5.491 0.2641 
Jl:792 8 5.759 0.3960 
Jl:468 8 6.345 0.6668 
Jl:694 8 3.791 0.7000 
Total 32 5.347 0.3076 
Figure 4.5 (overleaf) 
The amounts of water retained per unit area of pod surface (Wettability 
Coefficients) for each variety. Standard errors are shown. 
There are highly significant differences between the varieties and between 
the two groups of varieties. 
Group 8 varieties, especially Jl:468 (parchmentless), Jl:792 (waxless) and 
Jl:76 (thick and parchmentless) had high surface wettabilities .. 
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Fig.4.5 Mean Wettability Coefficients of Pod Surfaces 
Analysis of Variance 
Ho = there is no significant difference between the varieties. 
Source 
Variety 
Error 
TOTAL 
OF 
10 
44 
54 
ss 
88.66 
113.33 
201.99 
Duncans Multiple Range Test 
MS 
8.87 
1.47 
F 
6.02 
p 
>0.001 
Least Significant Difference (LSD) 
SED = s xJ1/n; + 1/ni 
SED = 1.212 xJ1/8 + 1/8 
SED = 0.606 
LSD = t x SED 
LSD = 1.99 x 0.606 = 1.206 
where s = JError MS 
the SED is used to calculate the LSD thus: 
where t is the value from table at the 0.025 level 
with Error OF. 
The lines underneath the varieties below, connect those varieties between 
which there is no statistically significant difference. The varieties have 
progressively higher mean wettability coefficients from left to right and those 
varieties shown in italics are group 8 varieties. 
Meteor Jl: 141 J/:694 Jl:1037 J/:76 J/:468 
J1:129 Pro.9 Jl:695 Jl:907 J/:792 
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Analysis of Variance (between Groups) 
Ho = there is no significant difference between the groups of varieties. 
Source 
Group 
Error 
TOTAL 
DF 
1 
86 
87 
ss 
34.04 
167.96 
201.99 
Summary of the Results 
MS 
34.04 
1.95 
F 
17.43 
p 
>0.001 
The statistical analyses show that there is a significant difference at the 
1% level in the Wettability Coefficients between the varieties. lt can also be 
deduced that there is a significant difference at the 1 % level between the two 
groups of varieties. 
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4.1.3.4 Pod Surface Wax: A Qualitative Study 
Plates 4.1-4.12. Pod Surface Ultrastructure from Each of the Varieties 
examined in Chapter 4. All the pods were fully mature and dehydrated (Stage 5; 
chapter 5, table 5.4). 
(overleaf) 
Plates 4. 1 - 4. 7 Group A varieties 
Plates 4.8 - 4.12 Group B varieties. 
Magnification x 3500. 
Scale 1 mm = 1pm (unless stated otherwise). 
Grouo A Varieties 
Plate 4.1 Jl:907 (Neoplastic) 
Plate 4.2 
Plate 4.3 
Progress No.9 (Commercial variety) 
Jl:1037 (Neoplastic) 
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Plate 4 .1 Jl:907 (neoplastic) 
Plate 4 .2 Progress No.9 (commercial) 
Plate 4.3 Jl:1 037 (neoplastic) 
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_, 
Plate 4 .4 Jl:695 (purple podded) 
Plate 4 . 5 Meteor (commercial variety) 
Plate 4 .6 Jl :141 (Acute apex) 
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(overleatt 
Rlate'4..,7 
GrouP B-Varieties 
Plate, 4,8 .!.11 :76 flillick Walleq, !Partially Parchmentt;!d) 
Pl~!e' 4 .. 9 .!.11 :,792 (Waxless)' 
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Plate 4. 7 Jl: 129 (blunt apex) 
Plate 4.8 J l:76 (thick, semiparchment) 
Plate 4.9 Jl :792 (waxless) 
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. . 
~la!e'4,:1jQ·: J1:468 '(Parchmeuiltless Pod)· · 
---- ·,.·; ·.- ' --· ...... · ---~ ~-- ' -·~· ~ 
.• . . . 
l?l~ter'4,'1!1! ~I :4!68 :(Parchr;nentl~ss,,IPodlj lower ~~~gnificaticm :to1 show. suiJface 
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Plate' 4,112 ~J:.Ei94 '(Pu~ple I Podded) 
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Plate 4.10 J l:468 (Parchmentless pods) 
Plate 4.11 Jl:468 (parchmentless) 
Plate 4. 12 Jl :694 (purple podded) 
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Description of Plates 4. 1 - 4. 11 
The variety, Jl:907, was known to be neoplastic but from the results of 
this study it can also be seen to be almost completely devoid of wax crystals. 
Most of the other group A varieties are covered with short rod let or tubule type 
crystals. Varying degrees of erosion are apparent on the pod surfaces particularly 
on the latter three varieties (Meteor, Jl:141 and Jl:129). 
Group B included the waxless variety, Jl:792, a characteristic which is 
illustrated in Plate 4.9, and the parchmentless variety, Jl:468, shown in Plates 
4. 1 0 and 4. 11 . The surface of Jl :468 is highly convoluted with prominent veins 
over the surface although the crystals on this variety appear to be typical of the 
varieties investigated including the other group B pods. 
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4.1.3.5 Correlation Exercise Between Water Uptake Variables and the 
Extent of Disease Observed In the Field. 
Table 4. 7 Correlation Coefficients between Variables. 
I I 
I I Extent of 1 Amount Water 1 Composite 
1 Disease I of wax 1 Retained I Water 
I 1 I I Content ---------------------~-----------.J.-----------~-----------~--------------
Amount of Wax : -0.385 : : : 
---------------------~-----------~-----------~-----------~--------------
Water Retained : 0.418 : -0.386 : : 
---------------------~-----------~-----------~-----------~--------------1 I I I Composite 1 0.651 1 -0.419 1 0.529 1 
Water Content I I I I 
---------------------~-----------~-----------~-----------~--------------1 I I I Initial lncr. in 1 0.460 1 -0.595 1 0.197 1 0. 771 
Water Content I I I I 
I I I I 
Table 4.8 Correlation Coefficients between Variables (excluding the variety, 
Meteor) 
I I 
I I Extent of 1 Amount Water 1 Composite 
1 Disease ! of wax 1 Retained ! Water 
1 I I I Content ----------------------l------------~-----------~-----------~--------------1 I I • I Amount of Wax 1 -0.386 1 1 1 
---------------------~-----------~-----------~-----------~--------------
Water Retained : 0.482 : -0.585 : : 
---------------------~-----------~-----------~-----------~--------------1 I I I Composite 1 0.666 1 -0.355 1 0.746 1 
Water Content I I I I 
---------------------~-----------~-----------~-----------~--------------1 I I I lnitiallncr. in 1 0.595 1 -0.556 1 0.741 1 0.823 
Water Content I I I I 
I I I I 
Many of the correlation coefficients increase after Meteor is removed from 
the calculations. The composite values representing water content and the 
increase in water content are very closely related. Wettability is closely related 
to both of the above variables and the composite water content of the pods is 
the variable which is most indicative of the degree of spoilage suffered in the 
field. 
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Figure 4. 6 (overleaf) 
The Regression between the amount of water retained per unit area of pod 
surface (Wettability Coefficient) and the increase in water content by the pod for 
each variety. 
This illustrates the magnitude of the standard residual shown by the 
variety 'Meteor' and the close correlation between the variables for the other 
varieties. 
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4. 1.4 Discussion 
In this study, it has been shown that pods from Group B varieties (those 
which exhibited high levels of spoilage in the field) had higher composite water 
contents and to a lesser extent, higher initial increases in water contents than 
group A varieties. Together with the evidence from Rupe and Ferris I 1986) and 
Rudgard and Butler I 1987), therefore, it may be concluded that pods which 
exhibit these characteristics may, indeed, be more susceptible to infection by 
fungal pathogens. lt would be advantageous then, to examine the causes of high 
rates of water uptake and high water contents. 
Group A varieties have been shown to have more epicuticular wax per unit 
area of pod surface than group 8 varieties which indicates that wax on the pod 
may be important in resisting spoilage. The amount of wax may affect the 
wettability of the pod and may also have an effect on the increase in water 
content of the pod tissues. Alternatively the wax layer may somehow prevent 
the germination of spores on the pod surface, and by this mechanism, reduce the 
degree of spoilage of the crop. 
The fact that group A varieties, which generally had higher amounts of 
wax on their pod surfaces, also had significantly lower wettabilities than those 
of group 8 indicates that the wax coverage is, at least, partially responsible for 
the wettability of the pod surface. In addition, the conformation of wax crystals 
may be important as well as the actual topography of the pod or leaf (8oize et 
al., 1976); both may have a modifying effect on the amount of water retained 
on the pod. Group A pods were observed to have a generally good layer of wax 
crystals (plates 4.1 - 4. 7) although some erosion was apparent on the latter 
three varieties of this group (Meteor, Jl: 141 and Jl: 129). This did not, however, 
correlate very closely with the wettabilities of these varieties which were low. 
This fact adds further evidence to the theory that the topography of the pod is 
also important. The greater significance of the difference between the 
wettabilities of the two groups of varieties indicates that the actual amount of 
water retained on the pod may be a greater causative factor of pod spoilage than 
simply the amount of wax present. That is to say, the amount of wax 
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contributes to the efficacy of the pod surface in resisting the adhesion of water 
droplets but, for estimation purposes, the wettability coefficient is the variable 
which, more directly, relates to the initial increase in water contents and to the 
composite water contents themselves and presumably therefore, to the pods 
ability to resist fungal attack. 
To help understand and quantify the relationships between these 
physiological factors, a series of statistical correlations were carried out. 
The initial increase in water content and the composite water content 
variables themselves are very closely related which is most likely due to the fact 
that the rate of water uptake is an integral factor determining the amount of 
water retained within the tissues over a period of time. Of course, if the pod 
readily absorbs water, the tissues will reach saturation earlier and the composite 
water content over the measurement period will be higher. In order to determine 
which physiological factors have an influence on these two variables, the 
magnitude of the correlations between them and other water uptake variables 
must be examined. 
lt can be seen that, after the removal of the variety 'Meteor' from the 
calculations 1, the wettability of the pod surface is the variable which is most 
closely correlated to both the composite water content and the initial increase 
in water content. This suggests that a pod surface ultrastructure which is 
inefficient at repelling water droplets is also inefficient at preventing uptake from 
a water vapour saturated atmosphere. lt is clear from the correlation coefficient 
that the amount of wax is at least partially responsible for determining the 
wettability of the pod surface although the pod topography is also very 
important. This is demonstrated by the group 8 variety, Jl:468. This variety had 
a fairly high amount of wax on the surface of its pods but the topography of the 
pods were quite different from any of the other varieties. They were very rough 
1The magnitude of the standard residual for the variety 'Meteor' (fig.4.6) 
indicates that it is responsible for greatly affecting the results of the correlation; 
the standard residual is a measure of how much the data for a point deviates 
from the regression line between the two variables. 
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and on closer inspection the pod surfaces were highly convoluted and indented; 
the veins and veinlets being very prominent (plate 4.11 ). Some sections of the 
pod were taken (plate 4. 19) and microscopic investigation showed that this 
variety had very thin pod walls which were, in fact, lacking the layer of fibrous 
sclerenchyma tissue also known as the parchment layer (described more 
extensively in section 4.3 of this report). This had caused the pods to shrivel 
upon dehydration to produce the uneven surface. So, despite the relatively high 
amounts of wax on the pod surface, this variety had a high wettability caused 
by increased surface roughness (a similar effect on leaves is described by Baize 
et al., 1976). The two factors combine to determine the contact angles of 
droplets on the pod surface. 
To summarise the relationships between the water uptake characteristics 
it can be said therefore, that the rate of water uptake and ultimately the mean 
% water contents of the pods are determined largely by the efficacy of the pod 
surface at repelling water droplets. This is true even when considering pods 
subjected to environments of water vapour saturation as opposed to water 
droplet adhesion. The water repellency itself is dependent on the amount and 
conformation of the epicuticular wax deposits and on the pod topography. 
When pod infection data is included in the calculations it can be seen that 
they are most closely correlated with the composite water contents of the pods 
and therefore it can be concluded that high % water content of the pods causes 
them to become susceptible to infection in the field. This substantiates the 
theory postulated in the previous chapter, that pods showing high mean water 
contents, especially those that retained the water for long periods (eg. Jl:792l. 
are susceptible to spoilage. Other pods (eg. Jl:1037) that had higher rates of 
water uptake, but which were able to preserve low water contents by dispelling 
that water, showed lower levels of infection. The fairly high correlation with the 
rate of increase in water content variable in this study, suggests that rapid influx 
of water is detrimental to those pods that cannot dispel it quickly. The degree 
of direct correlation between the wettability of the pods and the level of disease 
observed in the field may, in part, have arisen from the fact that a wet surface 
has the effect of leaching sugars from the tissues beneath creating a desirable 
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environment for fungal proliferation (Biakeman, 1971 I. The correlation may also, 
of course, be as a result of the indirect relationship through other water uptake 
variables as described above. 
Having described the trends within variables and the relationships between 
them, more varieties merit further individual discussion. 
Although Jl:468 showed a very high wettability for reasons explained 
previously, and also a very high rate of water uptake in line with the positive 
correlation described, the results for this variety may be misleading however. 
They may exaggerate the degree of correlation between the two variables, ie. the 
high initial increase in water content may not be as a direct result of the high 
wettability (although this of course is very important). lt is a strong possibility 
that the high water uptake was more dependent on the lack of a parchment layer 
in this variety, although the absence of controlled experiments to investigate the 
effects of the parchment layer on the uptake of water by the pod means that this 
possibility can remain only a theory. 
Another of those from group 8, Jl:76, had a low amount of wax which 
resulted in a high wettability and a very high initial water uptake. This variety 
was examined under the microscope (plate 4. 181 and found to have a parchment 
layer which existed only in patches (described more extensively in section 4.3 
of this report). This supports the theory that the parchment layer is important in 
resisting the uptake of water by the pod. The pod walls of this variety were also 
very thick, possibly resulting in a greater water holding capacity. 
One of the group A varieties, Jl:907, showed similar results to Jl:76 in the 
amount of wax on the pod surface and it's wettability, but despite the high 
wettability, the water contents of the pods were very low. The only structural 
variation exhibited by the pods of this variety were proliferations of epidermal 
cells known as neoplasms (a monogenic and dominant trait represented by the 
gene symbol Np; Dodds and Matthews, 1966; Nuttall and Lyall, 19641. These 
structures significantly altered both the topography of the pods, possibly 
contributing to the high wettability (as in Jl:468), and the configuration of the 
cells in the outer mesophyll and epidermal layers (plate 4.20). The only possible 
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explanation at this stage, without further experimentation, is that the disruption 
of the tissues decreased the capacity of the pod walls to retain water (a theory 
postulated in chapter 3). The low rate of water uptake may have resulted from 
the physical disruption of the usual pathways, along which the water travels 
after being absorbed into the pod. 
Another variety from group A which was also found to possess 
neoplasms, Jl:1037, showed similar results to Jl:907 regarding the amount of 
wax and pod wettability and also showed a composite water content which was 
not significantly different from that shown by the varieties with the lowest 
values; ie. Jl:694 and Jl:907 (section 4.1 (supp.)). 
The advantage of low water content, low increases in water contents and 
wettability shown by the variety Jl:694 were contrary to the results expected 
because of the low amounts of wax on the surface of its pods and its 
designation as a group B variety in the field trial. At this stage it is difficult to 
determine why these pods became so badly affected by fungal pathogens in the 
field. lt is possible that the low amounts of surface wax, whilst not significantly 
increasing the wettability of the pod surface, facilitated the germination of fungal 
spores. 
The remaining varieties showed what may be described as model results. 
The group B variety, Jl:792, showed very low wax quantities and upon further 
investigation using the scanning electron microscope it was shown to be almost 
waxless (plate 4.9). This resulted in a high wettability and a high rate of water 
uptake and composite water content. The group A varieties, Jl: 129, Jl: 141, 
Jl:695 and 'Progress No.9', had large quantities of wax, low wettabilities and 
low rates of water uptake and composite water contents. The results shown by 
these 'model' varieties are the main contributors to the correlations described 
above. 
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4.1 (supplementary) 
4.1 (supp).1 Introduction 
The Effects of Neoplastic Growths on the Water 
Uptake Characteristics of the Pods of Jl:1037 
In the previous sections it was observed that the neoplastic pods of the 
varieties Jl:907 and Jl:1037 behaved very favourably in the field and also fairly 
well in laboratory based experiments (ch.3 and ch.4). lt has been suggested that 
these structures may have caused the pods to have a reduced water holding 
capacity or higher rates of water uptake from the environment (section 4.1.4) 
giving lower levels of pod infection. For this reason therefore, it was decided to 
add a supplementary section to examine the effect of neoplasms on the water 
uptake characteristics of affected pods. 
The neoplasms have been described as "pustular-like growths" (Nuttall and 
Lyall, 1964) and later as "a proliferation of epidermal cells" (Dodds and 
Matthews, 1966). although the possibility that the accelerated rate of mitotic 
activity which causes such cell proliferation also occurs in hypodermal tissue 
cannot be discounted. 
The character is controlled by the single dominant gene Np (Nuttall and 
Lyall, 1964) which has been identified as part of linkage group IV due to its 
association with a gene controlling stature (Dodds and Matthews, 1966). As it 
was also shown that there were varying degrees of expression of the neoplastic 
character (and confluent pustules always breed true whilst separate pustules 
segregate into three classes: confluent. separate, and smooth pod in the ratio 
1:2:1) it is now assumed that the genotypes of the confluent and separate 
phenotypes are NpNp and Npnp respectively (Dodds and Matthews, 1966). The 
same authors implicated the involvement of the phytochrome system in the 
expression of the gene after Nuttall and Lyall ( 1964) had noticed that low light 
intensity and high humidity favoured neoplasm development. When the 
phytochrome was inactive (P660 ) the pustules developed but when the 
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phytochrome was in Its active form IP730) they did not. lt Is for this reason that 
pods lower on the plant tend to develop the neoplasms more extensively. 
lt was also observed, throughout the studies presented in chapters 3 and 
4, that the neoplasms were far more highly developed when the varieties were 
grown under glass. This suggested some involvement of the ultraviolet end of 
the spectrum which is usually blocked by glass. 
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4.1 (supp).2 Materials and Methods. 
Plants of Jl:1037 were grown to the point of pod anthesis at Rumleigh 
Experimental Station. They were then put in a growth cabinet under fluorescent 
lighting supplemented with ultraviolet lamps. The variety used produces two 
pods per node so one of the pods of each pair was enclosed in a boiling tube in 
order to exclude the ultraviolet. The boiling tubes were sealed with cotton wool 
to allow the continuation of gaseous exchange. 
After the pods reached maturity, both those that had developed neoplasms 
and those that had not were subjected to the same water uptake experiments 
as described in section 4.1.2.1 (Pod Tissue Water Uptake) and section 4.1.2.3 
(Pod Surface Water Retention). 
Plate 4. 13 (overleaf) 
Two neoplastic pods of the Variety Jl: 1037 maturing on the same node 
under glass at Rumleigh Experimental Station. 
Plate 4. 14 (overleaf) 
Control of the development of neoplasms in the variety Jl: 1037. 
Pods on the left of each node were grown under fluorescent lighting 
supplemented with ultraviolet; the development of neoplasms is suppressed. 
Pods on the right of each pair were grown in boiling tubes excluding the 
ultraviolet light. The neoplasms are thus allowed to develop. 
121 
Plate 4 .13 Jl : 1037 (Neoplastic) 
Plate 4 . 14 Neoplastic and Non-neoplastic Pods of Jl: 1 037 
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4.1 (supp).3 Results 
Table 4.9 The % Water Contents of Pods and Seeds of Neoplastic and Non-
neoplastic Phenotypes of the Variety Jl: 1037. 
Time Submerged (Hrs) 
Phenotype Initial 
0.00 2.00 8.00 Increase 
Pods Neoplastic 10.54 26.77 37.02 16.23 
S.E. 0.29 0.51 0.47 SED=0.59 
Non-neoplastic 10.92 24.42 34.01 13.50 
S.E. 0.15 0.76 1.42 SED =0.78 
Seeds Neoplastic 11 .51 12.80 14.16 1.29 
S.E. 0.38 0.08 0.82 SED=0.38 
Non-neoplastic 11.81 12.50 14.54 0.69 
S.E. 0.27 0.58 0.67 SED =0.64 
Figure 4. 7 (overleaf) 
The mean water contents (as a % of the wet weights) of Neoplastic and 
Non-neoplastic pods of the variety Jl: 1 037. Measurements were taken after the 
pods were subjected to an environment of water vapour saturation for intervals 
of 0, 2, and 8 hours. Standard errors are shown on each bar and the initial 
increases are also described (representing the initial rates of water uptake) 
together with the standard errors of difference between the means (SED's). 
Hatched Bars = Neoplastic Pods 
Open Bars = Non-neoplastic Pods 
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0 
0.00 2.00 
Time (hrs) 
8.00 
Fig.4.7 Water Contents of Neoplastic and Non-neoplastic Pods (%) 
Table 4. 1 0 Significance of the Differences Between the Mean % Water 
Contents of Neoplastic and Non-neoplastic Pods. 
After 2 hrs 
After 8 hrs 
F 
5.23 
3.24 
p 
0.051 
0.110 
Difference 
Sign. at 10% 
Not Significant 
After 2 hours (representing initial rates of water uptake) the neoplastic 
pods had absorbed more water as a % of their wet weight (at the 1 0% level) but 
after 8 hours, as the pods were nearing full saturation, there was no significant 
difference between the two types. 
125 
Table 4. 11 Water Retained on the Surfaces of Pods from Neoplastic and Non-
neoplastic Phenotypes of the Variety Jl:1037 (mgcm-2 ). 
Phenotype Water Retained (mgcm-2) S.E. 
Neoplastic 6.68 1.65 
Non-neoplastic 2.62 0.21 
There was a significant difference between the wettabilities of the pod 
surfaces. again at the 1 0% level, with the neoplastic surface retaining more 
water. 
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4.1 (supp).4 Discussion 
The theory was put forward in chapter 3 and section 4.1 that the 
neoplastic varieties had consistently low water contents despite having higher 
rates of water uptake. In chapter 3 their response to a period of rainfall was low 
and this was explained by the fact that the pods lost water at a very fast rate, 
almost as quickly as it had been taken up. 
These theories and explanations have, to some extent, been substantiated 
by this experiment which has shown that neoplastic pods do indeed have high 
rates of water uptake (and correspondingly high wettabilities, table 4.1 (supp).3) 
and they have relatively high water contents when measured immediately after 
removal from the atmosphere of high temperature and water vapour saturation. 
Once the humidity in the environment around the pods had been reduced the 
water content of the tissues would probably have been reduced accordingly. lt 
is possible that the severely disrupted epidermal tissue and cuticuiar layers had 
made the pods less likely to retain water. 
The low levels of disease observed in the field environment, where the 
pods were exposed to fluctuating atmospheric water levels, may have been due 
therefore, to the pods ability not to exclude water, but to absorb and dispel it 
quickly so keeping the length of the wetness periods and the mean % water 
contents of the tissues to a minimum. 
In the previous chapter it was also suggested that pods which had 
suffered damage due to the influx and efflux of water in a fluctuating 
environment were highly susceptible to disease, particularly the thicker pod 
which may have retained more water. This demonstrates the important effects 
of the neoplasms in reducing the disease on the pods despite the high potential 
for infection. lt must be assumed that the surface of a neoplastic pod is highly 
unsuitable for the germination or attachment of fungae. 
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4.2 Varietal Comparisons of Pod Chemistry 
4.2.1 Introduction 
The ultrastructure of the leaf surface was first determined after the 
development of the scanning electron microscope in the fifties, and it was 
discovered that varying degrees of roughness were present (Skoss, 1955). The 
venation on the leaf surface is visible macroscopically whilst, just below the 
resolution of the naked eye, the contours of the epidermal cells are visible 
beneath the cuticle. On a smaller scale, the cuticle surface is contoured in a 
unique manner, characteristic of that species and in addition, waxes are 
deposited on the surface of the cuticle in a vast array of forms which are only 
visible under the electron microscope (section 4.1.2.4). As well as on the 
surface, wax is also present within the cuticle itself. Here the intracuticular 
waxes are a secondary barrier to water acting in series with the superficial 
waxes and conferring water resistance to the leaf. The epicuticular waxes and 
the underlying cuticle are illustrated in plate 4.15. 
Work conducted on the leaves of pea plants has shown that wax crystals on 
the adaxial surface are in the form of overlapping plates on an amorphous layer, 
whilst the abaxial surface supports crystals in the form of crenulate ribbons 
(Holloway et al., 19771. For many years it has confused scientists as to the 
origin of the wax crystals and the means by which their shapes are produced. 
As the shapes observed in many species can be reproduced artificially upon 
recrystallization on a flat surface, it can be assumed that their shape depends on 
the chemical composition of the waxes. However, it was discovered by Jeffree 
et al. (1975), that the wax crystals of Brussel sprouts could only be reproduced 
by a chromatographical method in which the chemical components of the wax 
were introduced to the surface of a porous disc in a specific order. From where 
the components are secreted still remains a mystery, as the dimensions and 
shapes of the crystals were not related to the measurements of the pores in the 
disc used by Jeffree et al. ( 1975 I and even the presence of any pores through the 
leaf cuticle is still a matter of much debate (Baker, 1982). 
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The components of the leaf waxes have been separated by the techniques of 
Gas Chromatography (Lawrence et al., 1982). The crystals on the abaxial 
surface of the pea leaf are composed of, mainly alkanes (60%), the major 
fraction being C31 , or hentriacontane. Alkanes are the most water repellent of 
wax constituents because the non-polar chains are closely packed. Any 
functional groups on the aliphatic chains reduces their symmetry and, therefore, 
their ability to form a hydrophobic layer. Similarly, any substitutions on the 
methyl terminals increases the permeability of the layer by increasing the polarity 
of the molecules (Holloway, 1969a). 
This alkane structure is the cause of the crenulate ribbons formed on the 
abaxial cuticle (Baker and Hunt, 1986). The plate-like crystals formed on the 
adaxial surface are constituted, principally, of primary alcohols (C20-C28 ) (Baker, 
1982). The low-lying wax plates are the hardiest of the crystal forms as they 
must withstand the bombardment by rainwater droplets which is experienced by 
the upper surfaces of leaves (Freeman et al., 1979a). 
Many other classes of compound have been reported in plant epicuticular 
waxes, the proportion of which vary according to the species being investigated. 
Most workers have discovered the presence of small amounts of ketones and P-
diketones which exist in the same range of carbons as the corresponding alkanes 
(ie. C29-C31 ) and cause the formation of tubular shaped crystals (Holloway, 1971; 
Tulloch, 1973; Baker, 1982; Baker and Hunt, 1986). Aldehydes exist within the 
same range of carbons as the primary alcohols (C28-C28) and form rod shaped 
crystals whilst the alkyl esters exist in the range C30-C72 arising from the addition 
of short chain fatty acids to the primary alcohols described above. Phenolic 
compounds (eg flavones) and pentacyclic triterpenoids (ursolic and oleanolic 
acids) may also be present and have been described as contributing to reduced 
permeability of wax layers (Baker, 1982). 
The production and presence of leaf wax throughout the growth period of 
the leaf, renders the cuticle almost impermeable to water and much of the 
exchange by the plant takes place through the stomata which, in the pea, are 
situated in the abaxial surface of the leaf. The erosion of the waxes could be a 
major cause of reduced yield in the pea crop especially, because it is harvested 
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in a mature state after a period, during which, the pods should be allowed to dry 
out without the risk of rehydration. The thick and efficient wax layer consisting 
of filamentous wax crystals is Illustrated in plate 4.16. This is the surface of a 
young pod of the commercial variety, Meteor. The surface of a mature pod of 
this variety with waxes which have been subject to erosive forces is illustrated 
in plate 4.5. As well as the epicuticular or superficial waxes other barriers to 
water exist beneath them, within the plant cuticle itself. Much work has been 
done on the cuticular membrane which may be isolated from the leaf with 
pectinase and cellulase enzymes at 35°C (Section 6.1 ). 
The following experiments were performed on group A and group B 
varieties in an attempt to discover the chemical constitution of the pod 
epicuticular waxes and the pod tissues themselves. Epicuticular wax was 
extracted from pod surfaces and analysed using gas chromatography whilst pod 
wall extracts were analysed using gas chromatography - mass spectroscopy. 
Plate 4. 1 5 (overleaf) 
Freeze fracture section of the variety 'Argenteum' showing wax crystals 
attached to the cuticular layer on the surface. The cuticle overlies epidermal 
cells. Courtesy of Dr. M. E. Don kin, University of Plymouth. Magnification x3, 500. 
Scale 1 mm = 0.43pm 
Plate 4. 16 (overleaf) 
Epicuticular wax crystal layer of a young pod of the variety, Meteor. The 
pod has yet to be subjected to the erosive forces of the environment so the 
crystals have retained their filamentous and highly efficient conformation. 
Magnification x3500. Scale 1mm = 0.31pm 
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Plate 4 .15 Freeze fracture, var. Argenteum 
Plate 4.16 Epicuticular wax on young pod, var. Meteor 
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4.2.2 Materials and Methods 
The varieties of Pisum sativum L. used in this section were the same as 
those described in Section 4.1.2 (table 4.1). , 
4.2.2.1 Pod Epicuticular Wax Chemistry 
Epicuticular waxes were extracted by running 1 Omls of chloroform (CH3Cil 
over the pod surface from a burette. The wax solutions were then evaporated 
to dryness under a stream of nitrogen and then made up to equivalent 
concentrations of 1 mgml·1 • The solutions were then passed to Mr.Dave Heath of 
the Department of Environmental Sciences (University of Plymouth) who ran 
them through the gas chromatograph together with an alkane test mix. 
4.2.2.2 Pod Tissue Extract Chemistry 
The extracts were prepared by refluxing sections of pod wall in analytical 
quality ethyl acetate using "Soxhlet Extraction" apparatus. The equipment was 
first cleaned thoroughly by refluxing with pure ethyl acetate before the pod 
sections were introduced in fresh solvent. They were refluxed for four hours at 
a rate of 15 minutes per cycle and the extracts were then evaporated to dryness 
in a glass phial with a screw top. They were then dispatched to an analytical 
laboratory at the University of Oxford where they were subjected to GC-MS 
analysis under the supervision of Dr.W.Greenaway. 
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4.2.3 Results 
4.2.3.1 Pod Epicuticular Wax Chemistry 
Table 4.12 
Jl:907 
20.622 
17.015 
25.543 
24.520 
28.327 
11.832 
Table 4.13 
Retention Times (mins) of the Six Most Highly Concentrated 
Chemical Components of Pod Epicuticular Wax from Each 
Variety in Group A (listed in descending order). 
Variety Group A 
Pro.No.9 Jl:1037 Jl:695 Meteor Jl:141 Jl:129 
20.667 20.675 20.667 20.675 20.667 20.683 
28.325 24.208 28.333 28.333 16.717 25.542 
29.175 25.542 29.175 29.183 18.150 17.000 
23.850 25.517 27.442 27.450 25.625 24.517 
27.45 19.325 21.333 21.333 28.383 16.225 
24.517 17.950 21.833 21.833 30.033 28.325 
Retention Times (mins) of the Six Most Highly Concentrated 
Chemical Components of Pod Epicuticular Wax from Each 
Variety in Group B (listed in descending order). 
Variety Group B 
Jl:76 Jl:792 Jl:468 J1:694 
20.642 25.533 20.683 20.692 
25.550 29.983 25.565 25.683 
24.517 28.325 24.240 28.433 
26.500 20.608 28.347 24.700 
28.325 27.442 29.198 29.275 
29.975 29.167 26.528 19.417 
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4.2.3.2 Pod Tissue Extract Chemistry 
Table 4.14 Percentage by Composition of each of the major compounds 
present in the group A variety (JI:907) and the group B 
variety (JI:792). 
Major Chemical Components 
Succinamide 
Diethylene Glycol 
Glycerol 
Butanedioic Acid 
5-Pyrrolidone-2-Carboxylic Acid 
Malic Acid 
Threitol (sugar derivative) 
Xylose (sugar) 
Heptanedioic Acid 
1-o-Methyl-a-o-Xylopyranoside 
(sugar derivative) 
1 ,2-Benzenedicarboxylic dibutylester 
1-o-Methyl-a-o-Giucopyranoside 
(sugar derivative) 
Hexanedioic Acid 
Idose (sugar) 
a-D-Glucopyranose (sugar) 
Hexadecanoic Acid 
Octadecanoic Acid 
Octadecenoic Acid 
Hexadecanoic dioctylester 
1-Docosonol 
~~~rj 
~ tSh.J- ~  "'-' 
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%in %in 
J1:907 Jl:792 
1.16 1.20 
9.23 18.40 
4.19 0.74 
2.18 2.92 
5.05 0 
23.16 0 
0.67 0 
1.06 0 
0 1.14 
2.04 0 
1.68 2.00 
6.28 18.77 
1.94 0 
0.24 1.36 
0 1.32 
13.29 11.06 
2.56 1.66 
14.35 22.03 
Plasticiser 
Plasticiser 
4.2.4 Discussion 
it is clear from the results that one carbon compound dominates the 
composition of the epicuticular waxes in nearly all the varieties examined. lt has 
been described previously that the c3, alkane (hentriacontane) is a common 
component of plant waxes and the peak which emerges at 20.6 minutes does 
indeed correspond to the C31 alkane in the test mix. Baker and Hunt (1986) have 
stated that waxes composed primarily of alkanes have crystals in the form of 
crenulate ribbons (usually present on the abaxial surface of pea leaves). On close 
inspection it can be seen that there are very short ribbons present, some of 
which have banding due to diurnal variations in the rate of growth of the crystals 
(plate 6.1 0). The short length of the ribbons in this case is due to the age of the 
pods which would have been subjected to prolonged erosive actions. Short 
rodlets are also present which suggest that aldehydes and ketones (or P-
diketones) are also constituents. The two groups of varieties, group A and group 
8, therefore show no differences in wax chemistry at this level. One variety is 
made noticeable by the fact however, that it does not appear to possess the C31 
alkane at all. This was the group 8 variety, Jl:792, which is registered as being 
waxless and which has consequently been observed (Section 4.1.2.4, Plate 4.9) 
to have very few wax crystals on its pod surface. 
On further analysis of the results, in particular the distribution of the 
smaller peaks between the varieties, it can be seen that some minor compounds 
appear more prominently in one group than in the other. For example, a peak 
appears after 25.5 minutes in group 8 varieties which represents the second 
most concentrated compound in three of the four. In the fourth, Jl:792, it is the 
most highly concentrated compound possibly due to the absence of 
hentriacontane. The same compound appears in group A varieties although at 
much less significant concentrations. Another compound, which has a retention 
time of 26.5 minutes, appears at low concentrations almost exclusively In group 
8 varieties although a small amount was discovered in the group A variety, 
Jl:129. A further two compounds were observed to be prominent in group A 
varieties with retention times at 28.3 minutes and 29.2 minutes. 
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lt is not possible however, to positively identify most of the minor 
compounds described above simply by using the trace obtained with the test mix 
of alkanes. The longest chain length in the test mix was 35 carbons with a 
retention time of 23.46 minutes. The range of alkane chain lengths previously 
reported have been between 20 and 35 carbons with the most common at 29 
or 31 carbons as described above. Those compounds with retention times 
greater than that for the longest alkane likely to be present must, therefore, 
represent carbon compounds of different classes. 
The work of Lawrence m gl. (1982), which describes gas 
chromatographical analysis of plant waxes, states that the trace from a sample 
which has been subjected to analysis immediately following extraction will 
describe only the alkanes and esters present in that sample on the first run. 
Derivations must be performed on the sample in order to observe the primary and 
secondary alcohols and the fatty acids which may be present. 
The alternative, having revealed the presence of compounds such as those 
described, would be to further subject the wax samples to mass spectroscopy. 
This would require the use of a high temperature column however, which due to 
the internal geometry of the GC-MS equipment at the university, could not be 
accommodated. 
Neither of the above options could be pursued within the time constraints 
of this project, but having identified that there are some minor chemical 
differences between the waxes of pods from spoilage susceptible varieties and 
spoilage resistant varieties, a pathway for further research has been opened up. 
At this stage it can be said that the epicuticular wax chemistry of the two groups 
of varieties is very similar in that nearly all the varieties chemical constitution is 
dominated by hentriacontane. In practical terms, this means that the 
conformation of wax crystals on all of the varieties is not detectably different, 
a fact which confirms earlier work stating that wax chemistry is responsible for 
determining crystal conformation (Hallum and Juniper, 1971; Jeffree m !!I., 1975; 
Holloway m al., 1977). 
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There are two striking observations that can be made about the 
composition of the extracts from the pod wall tissues from the data presented 
in Table 4.14. The first is that the group A variety, Jl:907, contains a large 
proportion of malic acid which is a chemical component notably lacking from the 
group B variety, Jl:792. lt is a possibility that this may have arisen due to the 
pods being of slightly different ages as malate is associated with mitochondrial 
respiration and photosynthetic C0 2 concentration mechanisms. Every effort was 
made however, to select pods of equivalent maturity. 
Perhaps more significantly however, the extract from the group B variety, 
Jl:792, had a much higher proportion of sugars. This may have accounted for 
the fact that this was one of the most severely infected varieties observed in the 
field. From studies conducted using the scanning electron microscope it was 
noted that the surface of Jl:792 is waxless, a fact that renders the·pod highly 
wettable (section 4.1.2.3). This means that it may be more susceptible to dew 
retention which, as described by Blakeman ( 1971), causes the leaching of 
nutrients such as simple sugars from the pod tissues onto the surface. If, as the 
data suggests, Jl:792 does indeed contain high levels of sugars, this would make 
the pod surface a very attractive environment for fungal pathogens. The 
relatively thick pod wall and the waxless surface would cause pod wetness 
periods to be longer encouraging germination of fungal spores and the high 
availability of sugars would nourish the developing mycelium. 
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4.3 Varietal Comparisons in Pod Morphology 
4.3.1 Introduction 
lt was implied in section 4.1 .4 that pod structure may also be important 
in determining the water uptake characteristics of the pod surface. Those 
varieties with pods which had very thin, patchy or non-existent parchment layers 
were found to have generally higher mean water contents and increases in water 
contents during exposure to atmospheres of water vapour saturation. In this 
investigation therefore, the significance of the parchment layer will be 
determined and the effects of the total pod wall thickness will also be examined. 
The parchment layer exists in most varieties near the inner pod wall and 
it is composed of fibrous sclerenchyma tissue. Water which enters the dried pod 
has to traverse, not only the outer cuticular layers, but also the parenchyma 
tissue before it reaches the parchment. Its purpose is thought to be related to the 
dispersal mechanism employed by the primitive and wild relatives of the 
cultivated pea. As the pod dries out, the walls of the pod contract and the 
parchment layer provides the tensile strength which eventually causes the pod 
to split violently along the ventral suture. As this happens, the seeds within are 
catapulted from the pod due to the weakening of the funicle which has served 
its purpose of attaching each seed to its placenta. The seeds are therefore 
dispersed over as large an area as possible. 
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4.3.2 Materials and Methods 
Sections of pod wall were placed in a fixative Formal Acetic Alcohol 
solution and held within a vacuum to ensure the full infiltration of the liquid. 
They were then transferred to a solution of 70% Alcohol until required. The pod 
sections were processed ready for fine sectioning by immersing them in the 
following solutions. 
Table 4.15 Tissue Processing Sequence 
Solution Immersion Period 
90% Alcohol Overnight 
Absolute Alcohol 1.5 Hours 
Absolute Alcohol 1.5 Hours 
Xylene 0.5 Hours 
Xylene 0.5 Hours 
Wax 0.5 Hours 
Each of the sections were then embedded within a wax block so that they 
could be fine sectioned using a microtome. Sections of 12pm were cut and 
transferred to microscope slides. The slides were dried overnight and then 
subjected to the following staining procedure: 
Table 4.16 Thin Section Staining Process 
Solution 
Xylene 
Absolute Alcohol 
90% Alcohol 
70% Alcohol 
50% Alcohol 
Plant Stain 
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Immersion Period 
2 mins + 2 mins 
2 mins + 2 mins 
2 mins 
2 mins 
2 mins 
25 mins 
Once the staining process had been completed, the slides were washed 
in distilled water and subjected, a final time, to a series of immersions in absolute 
alcohol and xylene. The cover slips were then lowered into place. 
The completed slides were then viewed and photographed using a Vanox 
Olympus photographic microscope. 
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4.3.3 Results 
Figure 4.8 (overleaf) 
Thicknesses of the sclerenchyma tissue (parchment layer) and the total 
pod wall thicknesses of each variety. The figures represent the percentage of the 
total pod wall thickness that is occupied by the parchment layer. 
Key: Hatched Bars -
Open Bars-
Parchment Thickness 
Total Pod Wall Thickness 
Both Jl:468 (plate 4.191 and Jl:76 (plate 4.181 appear to be 
parchmentless although Jl:76 was observed to have patches of sclerenchyma 
distributed irregularly throughout its pod walls. Jl:468 and Jl: 1037 (plate 4.201 
had the thinnest pod walls of all thee varieties whilst Jl:76 was by far the 
thickest. Jl:141, Jl:129 (plate 4.171 and Jl:907 had the thickest parchment 
layers. 
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Wall Thicknesses of Pod Phenotypes 
Plates 4.17- 4.20 
Examples of pod wall transverse sections. Sclerenchyma tissue is pink in 
colour and parenchyma/dermal tissue is blue. 
Plate 4. 17 (overleaf) 
TS of the variety Jl: 129. Despite damage to the epidermal tissues in this 
pod section, the extent of the parchment layer (sclerenchyma tissue) and its high 
degree of integrity can be observed. This variety is typical of successful, group 
A type varieties. Scale 1cm = 0.043mm. 
Plate 4. 18 (overleaf) 
TS of the variety Jl:76. This variety lacks an intact parchment layer. 
Instead it is distributed in patches throughout the very thick pod walls of this 
variety. This variety was prone to splitting in the field (chapter 3). Scale 1 cm = 
0.067mm. 
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Plate 4.17 TS of the Variety Jl: 129. Scale 1 cm = 0 .043mm 
Plate 4.18 TS of the Variety Jl:76. Scale 1 cm = 0.067mm 
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Plate 4. 19 (overleaf) 
TS of the variety Jl:468. In contrast to Jl:76 (plate 4.18), this completely 
parchmentless variety has very thin pod walls. The parenchyma layers are so thin 
in fact, that the vascular tissue protrudes from the pod surface. The pod wall 
also shrivels on dehydration producing a highly convoluted surface to which 
water adheres readily (section 4.1.4). Scale 1cm = 0.067mm. 
Plate 4.20 (overleaf) 
TS of the variety Jl:1037. A neoplastic growth containing both vascular 
and parenchyma tissue. Scale 1 cm = 0.067mm. 
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Plate 4.19 TS of the Variety Jl:468. Scale 1 cm = 0.067mm 
Plate 4.20 TS of the Variety Jl:1037. Scale 1cm = 0 .067mm 
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Table 4.17 Composite values calculated from mean water contents (%of wet 
weight). initial increases in water contents (both from Chapter 4). 
and the mean disease index for each variety observed in the field 
(Chapter 3). 
Variety Composite Initial Increase in Mean Disease 
Water % Water Content Indices 
Content 
Jl:907 24.19 11.76 2.71 
Progress No.9 24.59 11.08 2.71 
Jl:1037 25.99 14.61 2.86 
Jl:695 25.68 12.70 2.71 
Meteor 30.37 20.24 3.00 
Jl:141 24.20 11.62 3.14 
Jl:129 24.72 9.96 2.86 
Jl:76 34.38 16.97 3.86 
Jl:792 28.16 13.40 3.86 
Jl:468 31.25 15.83 3.14 
Jl:694 23.99 13.89 3.00 
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Table 4.18 Correlation Coefficients between Structural and Physiological 
Variables. 
I 
Disease in the Composite Water ! Initial Increase in 
1 Field 1 Content : Water content 
-----------------------1-----------------------l-----------------------l-----------------------
Parchment ! -0.545 -0.790 -0.514 
Thickness : 1 : 
----------------- --- -- -1-----------------------1--- -------------- ------1--------- --------------
I Total Pod Wall : 0.462 0.348 0.068 
Thickness : 1 1 
-----------------------1-----------------------1--- ------ --------------1--- --- -----------------
%Wall = to -0.349 0.013 0.086 
Parchment 
The parchment layer thickness appears to be the structural feature most 
closely related to physiological water uptake characteristics and, ultimately, the 
levels of disease observed on the pods. 
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4.3.4 Discussion 
From the results presented in Figure 4.8, it can be seen that group 8 
varieties have little or no sclerenchyma tissue (parchment layer) in their pod 
walls. Jl:76 and Jl:468 had the highest rates of water uptake of all which may 
be accounted for by the complete lack of sclerenchyma in Jl :468 (plate 4.19) 
and the existence of only patches of the tissue in Jl: 76 (plate 4.18). The latter 
was also prone to splitting which may have been due to the extraordinary 
thickness of the dehydrated pod wall. This may exaggerate the effects of 
localised areas of trapped moisture within the pod tissues which would result in 
an irregular pattern of high water pressures. A discontinuous parchment layer 
(which, when intact in other varieties, is responsible for strengthening the pod 
wall) is also instrumental in rendering the pod susceptible to splitting. 
The varieties which showed the lowest rates of water uptake in the 
laboratory were from group A (JI: 129, plate 4.14; Jl: 141 and "Progress No.9"). 
In accordance with the results discussed above, varieties with low rates of water 
uptake generally had thicker layers of sclerenchyma tissue in their pod walls. 
The greatest of the correlations (table 4.18) is that between that 
parchment thickness and the composite water contents. That is to say, the 
thicker the parchment, the greater the percentage of that pod wall which is likely 
to be inundated with water. As water content has been demonstrated to be a 
significant factor in determining the extent of disease in the field (section 
4.2.2.5), the correlation between parchment thickness and level of disease may 
have been elevated by indirect association. lt is feasible however, because of the 
high correlation between total pod wall thickness and disease, that a thicker pod 
wall is more attractive to fungal pathogens for reasons other than the high water 
holding capacity. The fungae may have a preference for thicker pods to enable 
anchoring of the mycelium. Thicker pods may also retain water for longer periods 
extending the length of time that conditions are near the optimum for spore 
germination. The length of wetness periods were observed to be a major factor 
which determined the level of infection by Peronospora in tobacco (Rotem, 
1978). 
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The total pod thickness showed a much lower, and in tact, an almost 
negligible correlation with the rate of water uptake which is thought to be due 
to the fact that both very thick pod walls (JI:76, plate 4.18) and very thin pod 
walls (JI:468, plate 4.19) readily absorbed water in the laboratory. A comparison 
of this very low correlation with that between the parchment thickness and the 
rate of water uptake (which is much higher) demonstrates the importance of the 
parchment layer. 
These results suggest that it would be advantageous to select for thicker 
layers of sclerenchyma tissue accompanied by lower overall pod thickness. This 
does not mean however, that the proportion of the pod wall which is taken up 
by the sclerenchyma is the factor which should be focused upon. This can be 
demonstrated by the low correlation observed between this calculated variable 
and either the rate of uptake or the extent of disease variables. A thick pod may 
also have a very thick parchment layer which would cause the rate of water 
uptake to remain low, but may result in a high susceptibility to disease. 
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Chapter 5 
The Effects of Environment on Pod Spoilage in the Pea (Pisum sativum l.). 
5.1 Introduction 
In previous chapters, it has been suggested that the water content of the 
pods, and the rates of water uptake into the pod tissues are closely related to 
the extent of fungal infection exhibited in the field. These suggestions arose from 
the examination of varietal differences in water uptake characteristics. 
A further understanding of the processes which cause spoilage can be 
gained by examining environmental differences in water uptake characteristics 
of a single variety. The environment provides the potential for water uptake into 
plant tissues, so how the plant is affected by this and how it responds are 
important factors worthy of investigation. 
Numerous studies have been conducted which have attempted to 
investigate the effects of environmental factors on the susceptibility to disease 
of plant tissues, usually leaves. lt has been found that precipitation (rain, dew 
and fog) and temperature have the most significant effects. 
Most of the pathogenic fungi which have been studied required an 
atmosphere of low relative humidity and low temperature for spore survival 
(Rotem, 1978), however free moisture is required for the infection of plant 
material. Diem (19711 found that high humidities are necessary for the 
successful formation of germ tubes in most species, particularly the sensitive 
hyaline fungi. Rote m ( 19781 added that although water in the form of rain was 
useful to the pathogen in that impacting droplets aided spore dispersal through 
splashing, water which was precipitated as dew was often the most suitable 
form for the germination and infection processes. Blakeman (19711 studied the 
chemical environment of the leaf surface and found that water which adhered 
to the leaf caused the leaching of nutrients including simple sugars and a range 
of amino acids from the tissues into solution. He further claimed that dew, which 
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has been found to cause more wetting of the leaf surface (Gillespie and Kidd, 
1978), had higher concentrations of these nutrients. 
Dew becomes a problem in the field when night-time humidities approach 
100%. During the night, as air temperatures decrease, the leaves, especially 
those near the outside of the plant or canopy, emit long wave radiation causing 
them to lose heat at a faster rate than their immediate environment. This results 
in the condensation of water from the atmosphere onto the leaf surface. On 
especially humid nights, leaves throughout the plant will carry a layer of water 
by dawn, but as the temperature increases and direct sunlight comes into 
contact with the outer plant parts, the water quickly evaporates (Rote m, 1978). 
Rudgard and Butler (1987), Rotem (1978) and Preece (1971) all contend that 
infection by pathogens is not simply a function of the amount of free water 
present on the surface of the leaves. The length of time the water remains there 
is the determining factor. For example, Rudgard and Butler ( 1987) found that the 
wetness periods on cocoa pods (Theobroma cacao) had to be greater than four 
hours to enable the establishment of infection by Witches Broom Disease 
(Crinipellisperniciosa). Rotem (1978), however, found that four hours of dew per 
night gave only traces of Peronospora on tobacco. In areas of the same crop 
stand which received nine hours per night (valley bottom) the crop was 
completely devastated by the same pathogen. This observation was also made 
by Diem (1971 ). He concluded that the period of wetness had to be long enough 
for germination and infection by the spores and long enough so to allow the 
development of the germ tubes and hyphae to a stage when they were no longer 
susceptible to desiccation. Leaves on the outside of the crop are, therefore, less 
susceptible to spoilage because of the shorter wetness periods. This explains 
some of the other observations made by Rotem (1978) on the infection of 
potatoes by Phytophthora. Those leaves on the outer edge of the crop collected 
moisture overnight but they were dried by solar radiation early in the morning. 
Leaves from within the canopy had less surface moisture but became badly 
infected. 
As mentioned above, temperature is another important environmental 
parameter which must be considered. Whilst it may help to dry leaves so 
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shortening periods of wetness, it may also have the effect of increasing the 
migration of water through the plant tissues (Moore, 1965, cited by Mondragon 
and Potts, 1974). This may lead to damage of leaf structure by the localized 
build-up of internal water pressures causing the phenomenon known as "Natural 
Crushing". Rote m ( 19781 used this to explain why, even though at the beginning 
of the growing season those tobacco plants exposed to shorter periods of dew 
per night were reiatively healthy, by the end of the growing season they too 
were heavily infected by Peronospora. Their early morning exposure to direct 
solar radiation at the top of the valley had caused localized lesions which had 
allowed the establishment of the fungus. Mondragon and Potts (19741 declared 
that environments which they found to have high temperatures coupled to low 
relative humidities (causing even greater water potential gradients) resulted in 
high levels of infection on Soybean pods. Even higher levels were observed on 
pods which were found to be exposed to fluctuating humidities and 
temperatures. lt must be assumed that the constant influx and efflux of water 
exaggerated the effects of natural crushing within the pod tissues and that the 
duration of pod wetness must have been near the optimum for the pathogens 
involved. 
Water held within the plant tissues as opposed to on the plant surface is 
acknowledged as a problem by many other authors. Rupe and Ferris ( 1986) also 
making a study of soybean infection, declared that a linear relationship exists 
between seed infection rates by Phomopsis and seed water content when it was 
at levels of between 19% and 35% of fresh weight. The linear relationship was 
only broken at water contents above 35% when other pathogens began to act 
antagonistically with Phomopsis. Furthermore, Christiansen and Justus ( 1963), 
in a study on pre-harvest seed deterioration in cotton, found that those varieties 
which had permeable seed coats suffered much higher rates of infection than 
impermeable seeded lines. 
This chapter therefore, examines the effects of different environments on 
spoilage of pea fruits to determine whether some of the phenomena described 
above can be extrapolated to the pea crop. lt also investigates how different 
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5.2 Materials and Methods 
Five plots were laid out within a polytunnel at Rumleigh Experimental 
Station, each containing five varieties. A Iatin square format was not used as this 
(by definition) would have reduced the effects of environmental variation. The 
environments of each plot were altered as described below, and environmental 
variables were measured at hourly intervals in each plot over a 24hr period. In 
this way a range of conditions were obtained and pod moisture levels and 
disease could be measured. An assessment of the environmental stability of each 
variety was made and then the degree of spoilage in each plot as a whole was 
compared to other plots in order to assess which of the environments were most 
detrimental to pod health. 
The polytunnel was situated on a small gradient with a southerly aspect. 
Each plot contained the following varieties of Pisum sativum L. 
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5.2.1 Varieties 
The varieties described in Table 5.1 were chosen to include a range of pod 
characteristics. All are dwarf varieties, necessary because of resource 
restrictions. 
Table 5.1 The Varieties used in these observations. 
Variety Phenotype 
Jl:141 Standard Pod Wall Thickness (1 mm), Green Pods, Intact 
Parchment, Leafy Canopy. 
Jl:60 Standard Pod Wall Thickness ( 1 mm), Purple Pods, Intact 
Parchment, Leafy Canopy. 
Jl:1198 Standard Pod Wall Thickness (1 mm), Green Pods, Intact 
Parchment, Leafless (afafstst) 
"Sugar Ray" Standard Pod Wall Thickness (1 mm), Green Pods, 
Parchmentless, Leafy Canopy. 
"Meteor" Standard Pod Wall Thickness (1 mm), Green Pods, Intact 
Parchment, Leafy Canopy. 
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5.2.2 Environmental Modifications 
The range in environmental conditions were created in the following 
manner. 
Table 5.2 Modifications made to the Environments of each plot. 
Plot Environmental Description 
Plot 1 A plot exposed to the ambient environment of the polytunnel 
without further modification. 
Plot 2 A plot which received approximately half the amount of watering 
as plot 1. 
Plot 3 A plot which was surrounded by a canopy of transparent plastic. 
Plot 4 A plot which was surrounded by a canopy of nylon netting 
obscuring approximately 50% of the incident sunlight. 
Plot 5 A plot which received approximately twice the amount of watering 
as plot 1. 
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5.2.3 Environmental Parameters (over a 24hr period) 
Table 5.3 Means and Standard Errors for the Environmental Parameters in 
each of Five Plots. 
\ 
Plot Light Intensity J Temperature (°C) Relative Humidity 
(*1000 Lux) (%) 
Mean S.E. Mean S.E. Mean S.E. 
Plot 1 17.67 3.17 14.96 0.65 73.96 3.81 
Plot 2 18.41 3.01 16.38 1.01 78.25 3.56 
Plot 3 13.42 2.22 23.50 1.52 90.92 3.73 
Plot 4 9.76 2.05 16.17 0.74 81.67 2.57 
Plot 5 15.07 2.42 17.33 0.93 78.13 3.80 
ANOVA: Temperature 
Source DF ss MS F p 
Plot 4 1089.42 272.35 10.46 0.000 
Error 115 2993.25 26.03 
Total 119 4082.67 
ANOVA: Relative Humidity 
Source DF ss MS F p 
Plot 4 3776.9 944.2 3.66 0.008 
Error 115 29703.0 258.3 
Total 119 33479.9 
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ANOVA: Light Intensity 
Source OF ss MS F p 
Plot 4 455.9 114.0 0.7 0.595 
Error 115 18766.7 163.2 
Total 119 19222.6 
The temperatures and relative humidities show significant differences 
between the plots at the 2% level. Light intensities however, are not significantly 
different, even at the 10% level. 
The highest temperatures and humidities were observed in plot 3. The 
lowest temperatures and humidities were observed in plot 1. Plots 1 and 5 
showed the greatest variation in humidity however, whilst the temperatures in 
plot 3 varied more than in any other environment. The light intensity was much 
lower in plot 4 (although not significantly different) than in the others, and it was 
greatest in plot 2. lt varied most in plot 1. 
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5.2.4 Monitoring of Pod Development 
The stage of pod development was monitored for each variety in each plot 
commencing after pods in the latest podding variety had reached stage 3. This 
was done in order to determine whether the environment has significant effects 
on the development of the pea crop. If significant differences did occur, the 
differences in the moisture contents of the pods might be attributed to these, 
and not to the effects of the alternative environments. 
Table 5.4 Description of the Growth Stages of the Pea Fruit referred to 
throughout this study. 
Stage of Description 
Development 
Stage 1 Newly emerged, uninflated pod with no seeds. 
Stage 2 Pod inflated and seeds beginning to form. 
Stage 3 Pod fully inflated and seeds reaching maximum fresh 
weight. Physiological maturity 
Stage 4 Pod beginning to dehydrate and seeds at maximum fresh 
weight. 
Stage 5 Pod and seeds dehydrated to below approx. 30% 
moisture content. 
5.2.5 Monitoring of Moisture Levels 
Fruits were harvested and pods and seeds we~e weighed. They were then 
dried in an oven at 120°C for 24 hrs and reweighed. The moisture contents were 
calculated for pods and seeds of all the varieties in each of the plots using the 
formula: 
% Water Content = Wet Wt lgl - Dry Wt. lgl x 100 
Wet Wt. (g) Equation 5.1 
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5.2.6 Monitoring of the Levels of Pod Infestation 
The levels of pod infestation were also recorded on each occasion. Details 
of the index devised to categorise the pods according to the degree of severity 
of infection is presented in Table 5.5. 
Table 5.5 Description of the Arbitrary Disease Index composed for this study 
and referred to throughout. 
Disease Index Description 
Level 0 No diseases present on pod. 
Level 1 1 % - 20% coverage of fungal hyphae 
Level 2 21% - 40% coverage of fungal hyphae 
Level 3 41% - 60% coverage with fungal hyphae 
Level4 61%- 100% coverage with fungal hyphae 
5.2.7 Pod Yield 
The average yield of each variety (weight of seeds per pod) was calculated 
as an expression of the success of the plants under each environment. The yield 
of the pod and how sensitive it is to environmental extremes is an important 
parameter to be taken into account in a breeding strategy. 
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5.3 Results 
5.3.1 Stage of Pod Development 
The environment did not appear to significantly inhibit or augment the rate 
of maturation of the peas within any of the plots. The pods from the plot 
subjected to drought conditions did appear to be at a marginally earlier stage of 
development than the pods from the other plots but all pods reached Stage 5 
within seven days of eac~bther. 
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5.3.2 Moisture Content 
Once the data had been collected for the moisture contents of the pods 
the mean values were calculated for each plot. The variety which showed the 
smallest increase between the lowest and highest water contents could be 
concluded to be the most stable under the range of environmental conditions. 
Table 5.6 Mean Water Contents for Each Variety in Each Plot. 
Variety Plots % 
increase 
1 2 3 4 5 
Sugar Ray 33.74 25.75 40.14 31.81 27.72 55.88 
Meteor 22..91 25.77 34.47 23.73 21.82 57.97 
Jl:1198 17.81 16.53 19.36 29.79 24.32 80.22 
J1:60 40.19 52.73 54.41 28.29 27.13 100.55 
Jl:141 15.82 13.28 17.35 16.80 16.93 30.64 
X 26.094 26.812 33.146 26.08 23.58 
Analysis of Variance: Mean % Water Content 
Source OF ss MS F p 
Variety 4 1791.1 447.8 9.23 0.000 
Environment 4 255.2 63.8 1.31 0.307 
Error 16 776.3 48.5 
Total 24 2822.6 
The difference in percentage water content between the varieties is highly 
significant at the 1% level, whilst there is no significant difference between the 
plots at the 10% level. 
The parchmentless variety (Sugar Ray) and the purple variety (JI:60) had 
high moisture contents. Jl:141 had low moisture contents and showed the least 
amount of variation between plots. Jl:60 showed the greatest differences due 
to environment. 
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5.3.3 Extent of Pod Disease 
The extent of disease on the pods in each plot was calculated in a similar 
way to that described above for the water contents of the pods. 
Table 5. 7 The Mean Disease Indices for Each Variety in Each Plot. 
Variety Plot % incr. 
1 2 3 4 5 
Sugar Ray 0.40 0.60 2.60 1.30 1.20 550 
Meteor 2.67 1.33 3.17 2.33 2.83 138 
Jl:1198 0.71 0.14 2.57 1.14 1.00 1736 
Jl:60 1.71 1.86 2.43 1.71 2.43 42 
Jl:141 2.00 1.00 3.67 1.67 2.67 267 
- 1.498 0.986 2.888 1.63 2.026 X 
Analysis of Variance: Disease 
Source OF ss MS F p 
Variety 4 7.334 1.833 10.47 <0.001 
Environment 4 10.087 2.522 14.41 <0.001 
Error 16 2.802 0.175 
Total 24 20.222 
There were significant differences (at the 1% level) between the 
environments and between the varieties in the level of disease shown. 
The highest levels of disease were observed in plot 3 and in Meteor and 
Jl: 141 . The leafless variety, Jl: 1198, showed the greatest difference between 
plots. 
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5.3.4 Pod Yield 
The yield of the pod and how sensitive it is to environmental extremes is 
an important parameter to be taken into account in a breeding strategy. 
Table 5.8 Mean Yields of Pods from Each Variety in Each Plot as Expressed 
in Weights of Seeds Per Pod. 
Variety Plot D 1 2 3 4 5 
Sugar Ray 0.9427 0.8838 0.0213 0.7146 0.7170 4326 
Meteor 1.0291 0.5330 0.9002 1.1505 0.9892 116 
Jl:1198 1.5040 0.9267 0.7055 1.2645 1.0571 113 
Jl:60 0.5877 0.7079 0.1525 0.8379 0.8483 456 
Jl: 141 0.6329 0.6336 0.6932 0.5430 0.6604 128 
X 0.9393 0.7278 0.4945 0.9021 0.8544 
Analysis of Variance: Yield 
Source DF ss MS F p 
Variety 4 0.8861 0.2215 4.243 >0.010 
Environment 4 0.6450 0.1613 3.090 >0.025 
Error 16 0.8357 0.0522 
Total 24 2.3667 
There were significant differences between the varieties at the 2.5% level 
and between the environments at the 5% level. 
The lowest yield was observed in plot 3 and the greatest was observed 
in plot 1 (the ambient environment). The parchmentless variety (Sugar Ray) 
showed the greatest differences between environments in seed yield and was 
also high yielding. 
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5.3.5 Summary of Results 
Table 5.9 The %increase between the lowest and the highest recorded values 
for each of the parameters (as an indication of varietal stability). 
Variety Water Content Spoilage Yield 
Sugar Ray 56% 550% 4326% 
Meteor 58% 138% 116% 
Jl:1198 80% 1736% 113% 
Jl:60 101% 42% 456% 
Jl:141 31% 267% 28% 
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5.4 Discussion 
The large differences in spoilage between plots are not reflected In a 
similar magnitude of difference in pod moisture content. This would again 
suggest therefore, that although the mean percentage water content is an 
important factor, other water uptake characteristics must be involved in spoilage. 
These could include the pod wettability and the rates at which water is taken up 
and lost from the plant tissues (chapter 4). As temperature and relative humidity 
did elicit different degrees of spoilage, this was used to assess the environmental 
stabilities of the varieties and the effects of each of the environments on pod 
health. 
5.4.1 Environmental Stabilities of Varieties 
On analysis of the observations it can be seen that their are two types of 
response to environmental differences. There are those varieties which exhibit 
a large variation in the degree of spoilage on their pods, these are varieties with 
a low environmental stability, and there are those varieties which have a high 
environmental stability which exhibit little differences in the degree of pod 
infection. 
Although the varieties included in this study were chosen in order that a 
range of phenotypes could be examined, it must be stressed that each of the 
varieties may not be wholly representative of all those which express those 
characteristics. Some interesting, tentative conclusions may be drawn from this 
work however. 
Unstable varieties included the parchmentless and the leafless pods of 
"Sugar Ray" and Jl: 1198. These would suffer in a variable field climate but 
would show the most improvement given optimal conditions. However, when 
selecting a crop for commercial purposes in a variable climate the potential yields 
of the varieties must be considered. The actual yield of environmentally stable 
varieties has a higher probability of being close to the potential yield should the 
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conditions become less than ideal. However, an unstable variety could be used 
if the potential yield in such varieties is sufficiently greater to warrant the risk of 
some losses should the weather deteriorate. 
As discussed earlier, the parchmentless variety showed a great variation 
in the degree of spoilage of the pods. This would suggest that the absence of 
the parchment layer may cause the pod to become more susceptible to the 
effects of different environmental conditions. The parchment layer has been 
found to be instrumental in determining the rates of water uptake by pods 
(chapter 41. Since the parchmentless varieties are harvested much earlier than 
other pea crops (before the seeds develop) the high susceptibility to spoilage and 
the associated decrease in seed yield will be less important and are outweighed 
by the advantages gained by having a tender pod wall for human consumption. 
The leafless variety, despite being highly affected by differences in the 
environment with respect to the degree of pod spoilage, was one of the highest 
yielding of the varieties used in this observation. lt even showed a relatively high 
yield in plants from the plot in which it was most heavily infected (plot 3), so it's 
potential as a high yielding variety is very great given optimal conditions. This 
observation also suggests that a dense leafy canopy, whilst causing higher 
retention of water vapour and increased temperatures, has a stabilising effect by 
creating a more independent microclimate. 
Varieties which showed smaller differences in spoilage between plots 
included Meteor and Jl: 141 which both had correspondingly high yields. Meteor 
in particular was shown to be high yielding so this would therefore give the 
"greatest guarantee" of a successful crop. 
5.4.2 Specific Effects of Environment on Pod Spoilage 
A closer look at the environmental variables of each plot together with the 
actual levels of spoilage present on the varieties within those plots raises some 
questions about the specific factors of the environment which are responsible for 
determining pod spoilage. Mondragon and Potts (19741 posed similar questions 
170 
regarding the soybean crop. 
When the mean response of all the plants in each plot are calculated, 
regardless of variety, it can be seen that the environmental conditions In Plot 3 
had the most deleterious effects on pod health (Table 5. 7). 
This may be due to the high temperatures and high relative humidities 
allowing less transpiration of water from the pod tissues during the dehydration 
stages (Rupe and Ferris, 1986; Christlanson and Justus, 1963). The 
environmental conditions which were observed to have the least affect on pod 
health was those of plot 2. This plot was observed to show a low variability in 
environmental parameters which, if the assumptions of Mondragon and Potts 
(1974) are correct, may mean less disruption of the pod tissues. 
In plot 5, the levels of disease were almost as high as those In plot 3 (the 
high temperature and relative humidity plot). The environmental parameters of 
the plot (Table 5.3) show that a high temperature was coupled to a low relative 
humidity. lt may be speculated therefore, as it was speculated by Mondragon 
and Potts ( 1974) and others, that this combination causes a high rate of 
transpiration from the pods and a steep water potential gradient resulting in 
possible disruption of pod tissues and disease susceptibility. 
Having established that some combinations of temperature and relative 
humidity affect the degree of spoilage within the pea crop and that spoilage may 
be dependent on the water content of the mature pods (chapter 4), further 
experimentation is required to elucidate the precise nature of these environmental 
effects and their influence on the range of water uptake characteristics. lt is 
important to be able to examine some of the structural differences that may have 
arisen in the pods as a result of the environmental conditions, particularly those 
of the hydrophobic barriers and to determine whether they would have been to 
some extent responsible for the degree of spoilage by affecting rates of water 
uptake. 
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Chapter 6 
The Effects of Environment on the Water Uptake Characteristics of Pods of the 
Pea (Pisum sativum L.) 
6.1 Introduction 
As indicated in the previous chapter, pod spoilage is indeed affected by 
the environment, largely through the physical parameters which control the 
amount of water held within the pod tissues and the rate at which the water is 
taken up and lost. 
lt was suggested that the level of the humidity and temperature in the 
environment were important in determining spoilage of the pods. So, a series of 
experiments (similar to those described in chapter 41 were performed on pods of 
a single variety that had been subjected to different combinations of these 
environmental parameters throughout their development. 
The physical effects on water uptake characteristics and some of the 
mechanisms by which the pod may react to a high potential for water loss or 
gain could be examined. A proportion were subjected to abrasion in order that 
the effects of the epicuticular waxes on the water uptake characteristics could 
be determined. 
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6.2 Materials and Methods 
A line from the John lnnes Accession, Jl: 141, was used because of it's 
standard pod characteristics (1 mm wall thickness, typical parchment thickness 
and uniform epicuticular wax layer), it's dwarf habit and it's early and 
determinate maturation. 
Controllable environment growth cabinets (Fisons) were used to construct 
the following range of environmental regimes, in each of which, approximately 
40 plants were placed at flowering stage. 
The Effects of Temperature 
a) 
b) 
cl 
Lower Temperature 
Fluctuating Temperature 
Higher Temperature 
The Effects of Humidity 
a) 
b) 
cl 
Lower Humidity 
Fluctuating Humidity 
Higher Humidity 
15°C 70%RH 
15°C-30°C, 12hr cycle 70%RH 
30°C 70%RH 
50%RH 
50%-90%RH, 12hr Cycle 20°C 
90%RH 
Another 40 plants whose pods were subjected to regular abrasion were 
placed in the three temperature regimes in addition to the untreated plants. 
The pods were harvested at the latest stages of dehydration of the pod 
tissues and the following experiments were performed on them: 
175 
6.2.1 Pod Surface Wax Quantification : Colorimetric Method 
Each extract was treated according to the method of Ebercon et al. ( 1977) 
as follows. 
Reagent - 1 Omls of distilled water were added to 5g of Potassium 
Dichromate and 250mls cone. H2S0 4 were added to the slurry. The mixture was 
gently heated until a clear solution was obtained. 
The surface wax was extracted by allowing 1 Omls of Chloroform to run 
over the surface of each pod from a burette. The extract was then evaporated 
to dryness in a water bath for 30 minutes. After cooling 12mls of distilled water 
were added and the solutions were left, again to cool and for the colour to 
develop. The absorbancies of the solutions were measured at 590nm using a 
CE303 Grating Spectrophotometer (Cecil). A total of between 5 and 8 pods from 
each environment were used in this investigation. A separate calculation was 
carried out for each group of measurements. This was done by extracting and 
weighing a large amount of wax from pea pods, and then redissolving the wax 
and dividing it up into known quantities. Each quantity was then treated in the 
way described above and a calibration curve was constructed. This was used to 
calculate the actual weights of wax extracted from each pod in the study. The 
weights were then divided by the surface area of the pod measured using a 
surface area quantifier (Delta-T Devices). The Least Significant Difference (LSD) 
between the mean amounts of wax was calculated from the data. 
6.2.2 Pod Surface Water Retention : Gravimetric Method 
Six to eight pods from each environment were independently weighed and 
submerged in distilled water for 10 seconds. The amount of water retained on 
the pod surface was determined gravimetrically and divided by the surface area 
of the pod. The LSD was again calculated from the data to test for significant 
differences between the varieties. 
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6.2.3 Pod Surface Wax: A Qualitative Study 
Samples were mounted on colloidal graphite and freeze quenched in liquid 
nitrogen slush (-212°C) prior to transfer under vacuum to the preparation 
chamber of the CT1500 (Oxford Instruments) cryotrans unit. Following transfer 
to the SEM stage (Joel 6100), surface ice was sublimed at -aooc prior to gold 
sputter coating and subsequent observation at 15 kv. 
6.2.4 Pod Tissue Water Uptake: Gravimetric Method 
The pods were placed, in batches of five to eight, in sealed vessels which 
contained cotton wool soaked in water at 30°C. The pods were separated from 
the cotton wool by metal gauze so they were subjected to an atmosphere of high 
humidity and temperature without actually coming into contact with a damp 
substrata or being submerged in any way. The sealed vessels were then placed 
in a water bath also at 30°C and a batch of pods were removed after 2 hours. 
The wet weights of the pods and the seeds within them were recorded and then 
they were dried in an oven at 120°C for 24hrs so that the percentage water 
contents of the tissues could be calculated thus: 
%WC= WetWeight(g)-DryWeight(g) x1 00 Equation 6.1 
WetWeight(g) 
Once the water contents at each time had been calculated, a value for the 
period was calculated for each variety. This was a 'composite value', 
meaningless mathematically, but useful as a numerical quantity by which all the 
varieties could be compared (all the water contents were added together and 
divided by 35; the number of measurements taken for each variety). lte mm 
difference between the mean %water content at 0 and 2 hours was calculated 
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to give an estimation of the initial rate of water uptake. This was done because 
it was not possible to obtain the actual rate of water uptake. This would require 
a non-destructive sampling technique which was not possible in this experiment. 
The Standard Error of Difference (SED) gives the variability associated with the 
mean difference. A two hour period was chosen as the rate has been observed 
to plateau after this length of time (Miles, 1990). 
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6.3 Results 
6.3.1 Effects of Temperature 
6.3.1.1 Pod Surface Wax Quantification : Colorimetrlc Method 
Table 6.1 Mean Amount of Wax Present Per Unit Area of Pod Surface. 
Environmental g wax cm·2 pod surface 
Conditions Mean Standard Error 
Lower Temp. 0.018 0.0011 
Fluctuating Temp. 0.024 0.0032 
Higher Temp. 0.032 0.0045 
Higher temperatures caused the greatest production of epicuticular wax. 
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Analysis of Variance 
Source 
Environment 
Error 
Total 
OF 
2 
19 
21 
ss 
0.0007054 
0.0016551 
0.0023606 
MS 
0.0003527 
0.0000871 
F 
4.05 
p 
0.034 
The groups are significantly different from each other at the 5% level. 
Follow-up Analysis 
SED= sxJ1/n; + 1/n; where s = Jerror MS and n;n = no. of 
replicates in each of the groups being 
compared. 
SED = 9.33x10-3 x./1/8 + 1/8 
SED = 4. 67x 1 o-3 
Least Significant Difference (LSD) = t x SED where t = value from tables 
at 0.025 with residual OF. 
LSD = 2.093 x 4.67x10-3 = 9.77x10-3 
Comparison of Means 
Environment CONTROL FLUCTUATING HIGH 
Mean 0.0180 gcm-2 0.0236 gcm-2 0.0317 gcm-2 
Differences 5.6x10-3 gcm-2 ll//11////////1 
between the 13.7x10-3 gcm-2 
means 
//////////////// 8.1x10-3 gcm-2 
Pods from the high temperature environment have a significantly higher 
amount of wax on their surfaces than pods from the control environment at the 
2.5% level. 
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6.3.1.2 Pod Surface Water Retention : Gravimetric Method 
Table 6.2 Mean Amount of Water Retained Per Unit Area of Pod Surface 
(Wettability Coefficient). 
Environmental mg water cm·2 pod surface 
Conditions Mean Standard Error 
Lower Temp. 0.3294 0.0744 
Fluctuating Temp. 0.5869 0.1109 
High Temp. 0.1357 0.0135 
Pod surfaces from a fluctuating temperature environment were the least 
efficient at repelling water. Pods from high temperatures were the most efficient. 
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Analysis of Variance 
Source 
Environment 
Error 
Total 
OF 
2 
21 
23 
ss 
0.8198 
1.1526 
1.9724 
MS 
0.4099 
0.0549 
F 
7.47 
p 
0.004 
The groups are significantly different from each other at the 1% level. 
Follow-up Analysis 
SED = s x J1 In; + 1 /ni 
SED = 0.2343 x J1 /8 + 1/8 
SED= 0.1172 
where s = Jerror MS and n;(j = no. of 
replicates in each of the groups being 
compared. 
Least Significant Difference (LSD) = t x SED where t = value from tables 
at 0.025 with residual OF. 
LSD = 2.08 x 0.1172 = 0.2473 
Comparison of Means 
Environment HIGH CONTROL FLUCTUATING 
Mean 0.135 7 mgcm· 2 0.3294 mgcm· 2 0.5869 mgcm·2 
Differences 0.1937 mgcm· 2 //l/1///////l/1 
between the 0.4512 mgcm·2 
means 
//////////////// 0.2575 mgcm·2 
The pods from the fluctuating environment have a significantly higher 
wettability coefficient than pods from either the control temperature environment 
or the high temperature environment at the 2. 5% level. 
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6.3.1.3 Pod Surface Wax: A Qualitative Study 
Plates 6.1 - 6.3 (overleaf) 
Pod Surface Ultrastructure from plants grown in different environments. 
Magnifications x1500. 
Scale 1 mm = 1pm 
Plate 6.1 
Plate 6.2 
Plate 6.3 
Pod Surface from Lower Temperature Environment 
Pod Surface from Fluctuating Temperature Environment 
Pod Surface from Higher Temperature Environment 
Pods from the low temperature environment had short rods/filaments 
which were closely packed in a uniform layer (Plate 6.1 ). 
Pods from a fluctuating temperature environment had shorter, rounded 
almost globular crystals which were less closely packed (Plate 6.2). 
Pods from higher temperature environments had surfaces which were 
covered in longer filaments which had a slightly irregular distribution but which 
formed a thicker wax layer (Plate 6.3). 
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Plate 6.1 Lower Temperature 
Plate 6.2 Fluctuating Temperature 
Plate 6.3 Higher Temperature 
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6.3.1.4 Composite Values (Calculated From the Mean Water Contents (%)) 
and Initial Increases in Water Content. 
Table 6.3 Mean % Water Contents and Estimation of Rates of Water Uptake 
by Pods under Different Temperature Regimes. 
Period in Statistical Mean Water Contents (%) 
Water Variable 
Vapour Lower Fluctuating High 
Saturation Temp. Temp. Temp. 
Ohr x 16.63 10.75 25.00 
s 1.36 0.74 1.47 
2hr X 27.02 32.38 37.21 
s 9.01 4.02 4.03 
8hr x 36.86 48.02 52.26 
s 2.24 6.38 3.07 
Composite Comp. 26.84 30.38 38.15 
Value & Water 
Variability content 
(see Variability 9.90 16.16 11.88 method) 
Estimation x2-xo 10.39 21.63 12.21 
of Rate SED2_0 3.22 1.45 1.92 
An estimation of the initial rate of water uptake was made by calculating 
the mean difference between the mean water contents at 0 and 2 hours (section 
6.2.4). The Standard Error of Difference between the means was also calculated 
for each temperature regime. 
S = Standard Deviation of the Sample 
SED = Standard Error of Difference between the Means. 
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6.3.2 Effects of Humidity 
6.3.2.1 Pod Surface Wax Quantification : Colorlmetric Method 
Table 6.4 Mean Amount of Wax Present Per Unit Area of Pod Surface. 
Environmental g wax cm-2 pod surface 
Conditions Mean Standard Error 
Low Humidity 0.0481 0.0018 
Fluctuating Humidity 0.0358 0.0023 
High Humidity 0.0493 0.0043 
Fluctuating humidities show reduced production of epicuticular wax. 
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Analysis of Variance 
Source 
Environment 
Error 
Total 
OF 
2 
15 
17 
SS MS F p 
0.0006714 0.0003357 6.21 0.011 
0.0008110 0.0000541 
0.0014824 
The groups are significantly different from each other at the 2% level. 
Follow-up Analysis 
SED = s x J1 In; + 1 /ni 
SED = 7. 36x 1 0" 3 X J1 /6 + 1 /6 
SED = 4.25x10·3 
where s = Jerror MS and n;" = no. of 
replicates in each of the groups being 
compared. 
Least Significant Difference (LSD) = t x SED where t = value from tables 
at 0.025 with residual OF. 
LSD = 2.131 x 4.25x10·3 = 9.057x1 0·3 
Comparison of Means 
Environment FLUCTUATING LOW HIGH 
Mean 0.0358 gcm·2 0.0482 gcm·2 0.0493 gcm·2 
Differences 12 .4x 1 0"3 gcm"2 ll/1/lll/////// 
between the 13.5x10·3 gcm·2 
means 
l/1/llllllll/ll/ 1 . 1 X 1 0"3 gcm·2 
Pods from the fluctuating humidity environment have a significantly lower 
amount of wax on their surfaces than pods from the other environments at the 
2.5% level. 
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6.3.2.2 Pod Surface Water Retention : Gravimetric Method 
Table 6.5 Mean Amount of Water Retained Per Unit Area of Pod Surface 
(Wettability Coefficient). 
Environmental mg water cm·2 pod surface 
Conditions Mean Standard Error 
Low Hum. 1.0791 0.1533 
Fluctuating Hum. 1.2961 0.1960 
High Hum. 0.9680 0.0732 
There is little difference between the pod surface wettabilities. 
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Analysis of Variance 
Source OF ss MS F p 
Environment 2 0.450 0.225 1.10 0.352 
Error 21 4.307 0.205 
Total 23 4.757 
The groups are not significantly different from each other at the 1 0% 
level. 
Follow-up Analysis 
SED = s xJ1/n1 + 1/ni 
SED = 0.4528 x./1/8 + 1/8 
SED = 0.2264 
where s = Jerror MS and n,, = no. of 
replicates in each of the groups being 
compared. 
Least Significant Difference (LSD) = t x SED where t = value from tables 
at 0.025 with residual OF. 
LSD = 2.08 x 0.2264 = 0.4709 
Comparison of Means 
Environment HIGH LOW FLUCTUATING 
Mean 0.9680 mgcm·2 1.0719 mgcm·2 1.2961 mgcm·2 
Differences 0. 1 039 mgcm·2 lllllllllll/111 
between the 0.3281 mgcm·2 means 
llllllllllllll/1 0.2242 mgcm·2 
This confirms that there are no significant differences between any of the 
means at the 2.5% level. 
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6.3.2.3 Pod Surface Wax: A Qualitative Study 
Plates 6.4- 6.6 (overleaf) 
Pod Surface Ultrastructure from plants grown in different environments. 
Magnifications x 1500. 
Scale 1 mm = 1pm 
Plate 6.4 
Plate 6.5 
Plate 6.6 
Pod Surface from Lower Humidity Environment 
Pod Surface from Fluctuating Humidity Environment 
Pod Surface from Higher Humidity Environment 
There is no apparent difference between pods from the three humidity 
regimes. All have a fairly uniform coverage of short rod shaped crystals (Plates 
6.4, 6.5, and 6.6). 
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Plate 6 .4 lower Humidity 
Plate 6 .5 Fluctuating Humidity 
Plate 6 .6 Higher Humidity 
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6.3.2.4 Composite Value (Calculated From the Mean Water Contents (%)) 
and Initial Increases in Water Content. 
Table 6.6 Mean %Water Contents, Composite Values and Estimation of Rates 
of Water Uptake by Pods under Different Humidity Regimes. 
Period in Statistical Mean Water Contents (%) 
Water Variable 
Vapour Low Fluctuating High 
Saturation Humidity Humidity Humidity 
Ohr x 12.22 10.37 17.18 
s 1.01 0.67 2.82 
2hr x 29.18 30.08 34.63 
s 4.19 6.60 3.27 
8hr X 41.32 40.84 46.38 
s 6.86 6.99 3.40 
Composite Composite 27.57 27.10 32.73 
Value & value 
Variability 
Variability 13.04 13.99 12.70 (see 
method) 
Estimation x2-Xo 16.96 19.71 17.45 
of Rate SED2.0 1.76 2.71 1.76 
An estimation of the initial rate of water uptake was made by calculating 
the mean difference between the mean water contents at 0 and 2 hours (section 
6.2.4). The Standard Error of Difference between the means was also calculated 
for each temperature regime. 
S = Standard Deviation of the Sample 
SED = Standard Error of Difference between the Means. 
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6.3.3 Effects of Temperature on Pods Treated with Regular Abrasion 
Table 6. 7 The Effects of Temperature on the Mean Amount of Wax and the 
Mean Amount of Water Retained on the Pod Surface, and on the 
Estimation of the Rate of Water Uptake by Pods Treated with 
Regular Abrasion. 
Temp. Abrasion Wax Water Estimation Associated 
Regime (+/-I Amount Retention of Rate of Variability 
(g/cm2) (mg/cm2) Uptake (sec.6.2.4) 
(sec.6.2.41 
Lower - 0.0180 0.329 10.39 3.22 
Temp. 
+ 0.0182 2.353 14.50 1.96 
Fluct. - 0.0236 0.587 21.63 1.45 
Temp. 
+ 0.0105 2.622 29.41 2.79 
Higher - 0.0317 0.136 12.21 1.92 
Temp. 
+ /Ill// I/ /Ill 16.69' 1.59 
* Treated pods from the high temperature environment desiccated before 
they could reach physiological maturity. Only a small number remained which 
were used to investigate the rate of water uptake into the tissues. 
Treated pods from an environment of fluctuating temperature showed 
56% less wax than untreated pods from the same conditions (significant at the 
5% level). 
Treated pods from a cooler environment had surface water retentions 
which were over six times greater than untreated pods grown under the same 
conditions (significant at the 2% level). Similarly, treated pods from fluctuating 
temperatures showed water retentions which were 3.5 times greater than those 
of untreated pods from the same conditions (significant at the 2% level). 
Treated pods showed rates of water uptake which were all approximately 
40% greater than those of untreated pods. 
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Plates 6. 7 - 6.9 
Surface ultrastructures of pods modified by regular abrasion. 
Magnifications x1500. 
Scale 1 mm = 1pm 
Plate 6.7 
Plate 6.8 
Plate 6.9 
Pod Surface from Lower Temperature Environment 
Pod Surface from Fluctuating Temperature Environment 
Pod Surface from Higher Temperature Environment 
The pod surfaces have all been significantly altered by regular abrasion. 
The wax crystals from the lower temperature environment appear to have been 
smoothed out over the surface, whilst the crystals on pods from fluctuating 
temperatures appear to have been removed through breakage. Pods from higher 
temperatures also had a much smoother surface as a result of regular abrasion. 
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Plate 6 . 7 Lower Temp. Treated 
Plate 6.8 Fluctuating Temp. Treated 
Plate 6.9 Higher Temp. Treated 
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6.4 Discussion 
6.4.1 Temperature 
The high degree of variation within the single variety used in these 
experiments is typical of the pea varieties investigated to date. The investigation 
of the effects of environment was necessarily simplified so that each of the 
important parameters could be examined independently. lt must be stressed that 
the effects of each parameter are modified in the field environment by 
interactions between them (chapter 5). 
The fact that pods from the higher temperature environment had 
significantly higher amounts of wax than pods from the lower temperature 
environment may be because, as Baker and Procopiou ( 1980) concluded for 
leaves of Pistacia lentiscus, a greater potential water loss exists in this 
environment through transpiration. The wax crystals were shown to be more 
filamentous than on pods from other environments giving rise to a thicker wax 
layer. This form of wax coverage explains why the pods from a high temperature 
environment, had a low wettability. 
Pods from the lower temperature environment developed the least amount 
of wax per unit area (table 6. 1) although the crystals were again shown to be 
filamentous (plate 6.1). The wax filaments, however, were much shorter than 
those in high temperatures (plate 6.3). This is possibly due to the much slower 
rate of growth of the crystals in an environment which does not encourage high 
rates of transpiration from the pod tissues. These crystals also showed the most 
uniform distribution of all the pods. This uniformity and the small size of the 
crystals results in a more tightly packed epicuticular wax arrangement which 
helps to decrease the wettability of the pod surface as it does on leaves (Boize 
et al. 1976; Juniper and Jeffree, 1983). So, even though the lower temperature 
pods had the least amount of wax per unit surface area, the crystals are shaped 
and arranged in such a way as to provide a relatively effective surface which 
minimises the adhesion of water droplets. Pods from a fluctuating temperature 
environment had amounts of wax which were intermediate between pods from 
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high and lower constant temperature environments (table 6.1 ). The wax crystals, 
however, were larger than those of lower temperature environments (1.33pm 
and 0.33pm respectively) and they did not have the filamentous shape of high 
temperature environments (plate 6.2). This meant that the crystals were much 
less tightly packed and the significantly higher wettability coefficient for these 
pods may have been as a result of this (table 6.2). The short and thick, almost 
globular shape of these crystals may be due to the constant fluctuation in 
temperature. lt is possible, as Hallum and Juniper ( 19711 found, that there was 
a banding effect along the length of epicuticular wax crystals which were formed 
in a fluctuating light environment and that a similar effect is apparent under other 
fluctuating environmental parameters (plate 6.10). The banding is caused by the 
different rates of growth of each crystal, under high and low light intensities in 
their case, and under varying temperatures in this study. In an extreme form this 
banding would cause the crystals to become very brittle and it is possible that 
the lack of filamentous crystals on pods of fluctuating environments is due to the 
breaking and removal of distal, older parts of the crystal leaving just the newly 
formed bases. Another possible cause of the thick, globular shape of the crystals 
could be that the wax filaments growing in fluctuating environments are subject 
to distortion caused by varying rates of growth. This distortion would result in 
a tight spiralling of the crystals which may intertwine with adjacent filaments 
causing the globular structures (von Wettstein-Knowles, 1973). 
In the more stable environments the crystals are able to form much thinner 
structures which, in lower temperatures are uniform and tightly packed, but in 
a higher temperature environment are much longer causing the wax layer 
thickness to be greater and water retention on the pod surface to be less. The 
rate of water uptake into the pods of high temperature plants was, however, 
slightly higher than that into pods from lower temperatures (table 6.3) despite 
the fact that high temperatures caused the formation of the most wax and the 
lowest wettabilities of any of the environments. This is an indication that the 
permeability of the cuticle itself is an overriding factor which governs the rate of 
water uptake into the pod tissues. In the high temperature environment the 
molecular structure of the membrane may have been affected in the manner 
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described by Schonherr et al. (1979) and Eckl and Gruler (1980). The 
temperatures would have caused an increase in the polarity of the membrane and 
hence it's permeability. lt is also possible that the temperatures were sufficiently 
high to cause phase transitions within the cuticular matrix or intracuticular lipids 
(Eckl and Gruler, 1980). 
In addition to cuticular damage caused during high temperature periods, 
pods from the fluctuating environments may have incurred the most tissue 
damage due to the frequent changes in the rate of water migration. In a high 
temperature the water pressure within parts of the pod would have been high 
and during the low temperature period the pressures would have been relaxed 
possibly even causing consecutive efflux and influx through those areas. 
Consequently, pods from the fluctuating environment exhibited greater 
susceptibility to water uptake in vapour saturated environments and water loss 
through transpiration (table 6.3). Pods which developed within the high 
temperature environment may also have suffered some degree of internal 
damage due to the encouragement of high rates of transpiration, but because the 
conditions remained constant over the development and drying stages of the 
pods, the effects were not so great as those found within the fluctuating 
temperature environment. Pods from the lower temperature environment were 
not subjected to stressful conditions and they may have been able to retain some 
of the integrity of the pod tissues retaining an intact defence against the influx 
of water into the pod during the drying stages. 
Plate 6. 1 0 (overleaf) 
Wax crystals of Jl: 141 showing banding effect due to fluctuations in 
environmental parameters. An X marks a crystal demonstrating the banding 
effect. Magnification x5000. Scale 1 mm = 0.33pm. 
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Plate 6 .10 Banding Effect on Crystals of J l:141 
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6.4.2 Humidity 
lt is clear from the results that water uptake into pod tissues from an 
environment of water vapour saturation is much less affected by differences in 
relative humidity during pod maturation than it is by differences in temperature. 
This is substantiated by observations of wax quantity and quality which indicate 
a minimal effect (tables 6.4 and 6.5). The only statistically significant result was 
that pods from an environment of fluctuating humidity had lower amounts of 
epicuticular wax (table 6.4). This did not, however, translate into a statistically 
higher wettability. After a period of precipitation, or in the event of dew 
formation, water uptake into pods from both high and low humidities would be 
great. Those pods which developed within low relative humidities would have 
been subjected to disruption or "natural crushing" of pod tissues caused by the 
high water potential gradient across the pod wall. Those from high relative 
humidities would have developed less efficient barriers opposing the uptake of 
water. These may include inadequate epicuticular wax formation and a hydrated 
cuticular membrane opening up pores for the absorption of water from saturated 
atmospheres (Eckl and Gruier, 1980). 
6.4.3 Temperature on Treated Pods 
The quantity of wax on surfaces from the lower temperature environment 
was not affected at all by regular abrasion with cotton wool (table 6. 7). Indeed 
it remained almost the same whether treated or untreated. The wettability, 
however, was increased over 6 times by treatment and a qualitative examination 
of the pods revealed that the epicuticular wax crystalline structure had been 
destroyed leaving only a smooth layer of wax (plate 6. 7). This must demonstrate 
the importance of the crystal conformation in conferring the water repellency 
properties of the pod surface. The shape of the crystals, in turn, has been 
ascribed to their chemical constitution (Jeffree et al., 1975). Alkanes form 
crenulate ribbons which result because of the long chain length and close 
packing of the non-polar and symmetrical molecules. Treated pods from a 
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fluctuating environment however, did have significantly less wax than their 
untreated counterparts. Under the scanning electron microscope their surfaces 
were similar to those of treated cool environment pods although a small amount 
of debris was present. These observations seem to indicate that the wax on the 
cool environment pods was simply redistributed over the surface whilst crystals 
on pods from fluctuating environments were actually removed by treatment. This 
would concur with the earlier hypothesis which suggested that crystals which 
have developed within a fluctuating environment, whether alternating 
temperatures or humidities, would be much more brittle due to the varying rates 
of growth. The wettabilities of treated pods showed no significant difference 
between environments. 
The initial rates of water uptake were only approximately 40% higher for 
treated pods from each of the environments as compared to an increase of up 
to six times in wettabilities, so the theory that the epicuticular waxes are solely 
responsible for water droplet and film repellency is largely supported. As the 
increase in wettability of the treated surface by modifying the wax is not 
translated into an increase of similar magnitude in the rate of water uptake into 
treated pods, the underlying cuticle itself must bear the main responsibility for 
controlling the actual absorption of the water. 
In both treated and untreated pods, the fluctuating environment caused 
the greatest susceptibility to water uptake. This provides more evidence for the 
theory that such conditions cause tissue damage and/or cuticle disruption 
through minor, phase transitions (Eckl and Gruler, 19801. The fact that rates of 
water uptake does not increase by more than 40% in treated pods from 
fluctuating environments indicates that the wax barrier does not have a great 
environmental buffering capacity. 
Based on the assumptions made in this study, it could be concluded that 
the pea crop is better suited to more stable climates. This may explain why it is 
more susceptible to spoilage in the southwest of England (where there is a high 
frequency of rainfall) and in the autumn (when environmental parameters, 
especially rainfall, fluctuate more). If the distribution of the pea crop is to be 
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Chapter 7 
7. 1 General Conclusions 
The main aims of this project were to determine aspects of the physiology 
of the pea pod which affect the potential for crop spoilage. In addition, the 
effects of environment on the pods was examined as this was thought to be an 
important factor influencing pod physiology. 
By examining varietal differences, a range of characteristics relating to the 
water uptake of the pods were investigated and it was found that a number of 
properties were more prominent in those varieties which had been determined 
to be susceptible to spoilage in the field. 
Ultrastructural examination of the pod surface revealed that susceptible 
pods had lower amounts of epicuticular waxes. An irregular wax crystal 
conformation causing less uniformity in the layer was also discovered to be 
detrimental, whilst on a larger scale, surface roughness visible to the naked eye 
had deleterious effects. All these characteristics had the same result in that they 
caused a greater surface wettability (water retention) on pods that possessed 
them. The wettability in turn, was found to correlate closely with the potential 
for high rates of water uptake and, consequently, high water contents in the pod 
tissues. 
These factors are not solely responsible for predetermining a high potential 
for pod spoilage, as other characteristics such as the ability of a pod to reduce 
the retention time of absorbed water (without causing tissue damage) can 
prevent spoilage. 
Pod phenotypes which were observed to possess some or all of these 
deleterious characteristics included those which were genetically determined to 
be waxless. These had a high wettability and, therefore, were subject to high 
rates of water uptake. Those that were included in this study were also observed 
to maintain a high water content. Parchmentless pods suffered high degrees of 
spoilage due to their inability to resist the uptake of water and to retain pod 
tissue integrity. The purpose of the parchment layer, because of its fibrous 
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nature, is to increase the strength the pod, holding it together until dehiscence. 
The parchment layer may also have functioned as a buffer against environmental 
variation. Pods which had thick walls were also subject to high levels of spoilage 
possibly because they absorbed greater amounts of water from the environment 
and were less able to dispel it In order to maintain low mean water contents. 
Thicker pods were shown to be less likely to transmit water to the seeds within, 
but this was due to the accumulation of water in the pod tissues. The dry 
periods in the field may not have been of sufficient duration to allow all the 
water to be dispelled from thick pods, instead it may simply have had the effect 
of causing water migration through the tissues. A variety which was observed 
to have both thick pod walls and the absence of a parchment layer (JI:761 was 
particularly susceptible to spoilage in the field. 
The aspects of the environment which were found to affect the 
physiological characteristics described above included, perhaps most 
significantly, the fluctuation of environmental parameters. The most important 
of these was temperature which was found, independently, to affect 
morphological characteristics and water uptake phenomena. Relative humidity 
had much less of an independent effect but became more Important when 
combined with different temperatures. 
A high temperature caused the formation of a thicker and more effective 
layer of epicutlcular wax consisting of filamentous crystals. This was due to the 
presence of a high potential for transpirational water loss in the environment. 
This had the secondary effect of decreasing the surface wettability of mature 
pods. Similarly, cooler temperatures caused the formation of a uniform and 
relatively effective wax layer. Fluctuating temperatures however, caused the 
disruption of wax crystal formation and diminished the ability of the pod to repel 
the adhesion of surface water. 
lt was also proposed that high temperatures may have caused the 
disruption of the hydrophobic cuticular layer by altering the orientation of lipid 
molecules. Fluctuating temperatures, which included periods at the higher 
temperature described above, may also have had the additional effect of 
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disrupting the integrity of pod wall tissues. This would increase the potential for 
pod infection in the field, particularly if the temperature variation allowed the 
optimum length of pod wetness periods for the germination and growth of 
fungae. 
Other environments which were observed to be detrimental were those 
which encouraged the maintenance of high pod water contents. A high 
environmental humidity coupled with a high temperature encouraged the growth 
of fungal pathogens as the pods were not permitted to dry out. This type of 
environment is not one which encouraged a high transpirational water loss, so 
the pods maintained a high wettability due to deficient surface repellency, and 
the film of water retained on the pod may have encouraged leaching of nutrients 
from the tissues. 
Conversely, environments which did encourage greater transpirational 
water loss such as high temperature/low humidity were also detrimental to the 
pods. A high water potential gradient between the pod tissues and the 
surrounding environment may have caused rapid drying of the pods and 
subsequent cracking or disruption of the pod tissues due to the build-up of high 
localised water pressures. 
Finally, it can be concluded that the epicuticular waxes are chiefly 
responsible for water repellency, and that the hydrophobic cuticle is responsible 
for resisting the uptake of surface water or water vapour in the atmosphere. 
From this research, therefore, it has been determined that the ideal pod 
would be one with thinner pod walls so that water retention would be kept to 
a minimum and fluctuating environmental parameters would cause less damage 
to tissue integrity. This characteristic would have to be associated with a 
relatively less permeable seed testa and some evidence exists in this project to 
suggest that these properties may indeed be linked in some varieties. In addition 
to a thin pod wall, the sclerified parchment layer should be fully developed and 
as thick as possible to give the pod structural integrity and again, to reduce the 
potential for water retention in the tissues. Parchmentless varieties have been 
developed to help alleviate the problem of pre-harvest dehiscence but this also 
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has the effect of removing environmental buffering. To decrease the wettability 
of the pod surface, there should exist efficient mechanisms for the production 
of a substantial and uniform epicuticular wax layer. A high proportion of alkanes 
in the chemical composition of the crystals would be especially advantageous as 
it would result in the production of tougher structures, filamentous in 
conformation, and therefore constituting a much thicker or deeper layer. A higher 
proportion of alkanes would also render the crystals less liable to erosion as the 
pod ages, and this would be especially true if the molecules were unbranched 
allowing closer packing than if they were non-linear or had terminal or chain 
substitutions. The high degree of surface repellency on the surface of the ideal 
pod would decrease the potential for high rates of water uptake and persistently 
high water contents. 
In addition to these structural requirements, the ideal pod would have to 
develop and mature early in the season so that the rapid accumulation of seed 
protein in the final stages of dehydration could occur before the pod is exposed 
to the environmental stresses of a UK early autumn climate. 
The ideal environment for pod development and maturation determined in 
this investigation would be a stable one with a low degree of diurnal fluctuation 
in temperature and humidity. These parameters should both be fairly low to allow 
the pods to dehydrate at a moderate pace which is less likely to cause damage 
of the pod tissues. There would be less water in the environment which would 
reduce the potential for water uptake. 
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7.2 Proposals for further work 
The gravimetric method of measuring water uptake into the pods has 
proved very useful and informative, however it would be interesting to further 
develop the electrical conductivity method as it could, more accurately, 
determine the rates of water uptake and the efficiency of the hydrophobic layers 
of the pods. Another method of determining the amount of water which is 
transmitted through the pod is currently being perfected. This uses ground pea 
seed meal which is placed in pod halves. The pod halves, in turn, are floated in 
shallow water in a similar manner to that described in the dye uptake method 
(section 2.3.3). The amount of water taken up into the pea meal can then be 
determined gravimetrically. 
A number of assumptions were made in chapter 5 based on what was 
known from previous studies and what was known about the environmental 
parameters. The experiments described in chapter 6 were designed to investigate 
the validity of some of these assumptions, but it would be highly desirable to 
continue to look at the effects of environment on spoilage and, in particular, to 
look at different combinations of temperature and relative humidity in a more 
controlled manner than that described in chapter 5. The dye uptake experiment 
has a lot of benefits in this respect, and a more refined procedure using dyes 
could be very useful in determining whether the phenomenon of 'natural 
crushing' does indeed occur in certain environments. 
In chapter 3 observations were made on the degree of spoilage suffered 
by a range of phenotypes in the field. lt would be interesting to conduct similar 
observations over another period to see whether other varieties of similar 
phenotypes behave in the same way. Many of the experiments in chapter 4 
could be repeated with a different group of varieties, again to examine whether 
the same results would be obtained. 
The varietal comparison of pod chemistry is an area with much potential 
for experimentation. With greater access to the resources required, a much more 
detailed investigation of chemical extracts from pod wall tissues could be carried 
out as the preliminary results presented in section 4.2 were very interesting. A 
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much greater range of varieties would have to be included. A research team with 
the appropriate resources would be able to identify many of the minor 
compounds revealed to be present in the epicuticular waxes and shown to vary 
between pods of different varieties. 
Finally, it would be interesting to investigate the nature of the 
sclerenchymatous parchment layer to find a reason for its significance in 
determining water uptake and water content of pods. 
Ultimately, of course, a traditional breeding or genetic engineering program 
could be initiated so that the water uptake characteristics of the pea pod could 
be improved. 
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7.3 Outlook 
This investigation has been concerned with determining the physiological 
characteristics of the pod which render it susceptible to spoilage so that breeders 
may use some of that information to modify the pod as a protective housing for 
the seeds. The effects of aspects of the environment have also been determined 
so that it may be known in which direction pod improvements should be made. 
Of course, many of the other problems associated with legume crops in 
general are still strongly apparent in the pea, despite efforts to overcome them. 
As the pea crop does not respond well to applied chemicals, the future of 
spoilage prevention lies in the improvement of plant physiology. 
Standing ability is the most significant of problematic characteristics and 
much energy has been spent modifying the foliage of the plants. Whilst this has 
proven successful in the short term (crops develop a more efficient system of 
mutual support), the semi-leafless, afila-type plants and the completely leafless 
types such as 'Filby', have got disadvantages. They have been documented as 
being sensitive to Downy Mildew (Peronospora pisll (Heath and Hebblethwaite, 
1984) which may be due to the exposure of pods to environmental vagaries 
(chapter 5). At least in traditional varieties, the foliage provides a stable 
environment despite the fact that it may have higher temperatures and relative 
humidities than ambient. In fact Heath and Hebblethwaite (19841 contend that 
foliage modification has been a delay factor in selection of more valuable 
attributes such as stem strength. The use of plant growth regulators may provide 
some of the answers and may even improve yield by modifying the transfer of 
assimilates. 
Another of the disadvantages with leguminous crops is the shallow root 
system which manifests itself in a greater potential for water deficits, water 
logging and problems due to soil compaction. Autumn sowing has been 
investigated and indeed, employed in some warmer areas to allow the 
establishment of a deeper and more substantial rooting system before extensive 
vegetative growth and overwintering. This solution is not applicable, however, 
to UK crops. 
210 
The actual yield of the pea crop in the commercial environment is still far 
from what may be attained in trials, a discrepancy largely caused by differences 
in husbandry and agronomy practices. There is much potential for improvement 
therefore, and it is essential that high productivity can be demonstrated in the 
field in order to encourage the continuation of the EEC financial aid package. 
There is a great deal of work to be done then, in addressing the problems 
of pod physiology determined and discussed in this investigation. The research 
on pods must be continued so that it forms part of a wider breeding strategy 
including the other physiological approaches outlined above. Despite the 
difficulties, the EEC is continuing its interest in combining crops so that its 
dependence on imported soybean can be reduced. In addition to this, cereal 
farming is becoming less profitable as an indirect result of the plant breeders own 
success, and easily harvestable alternative crops are being sought. The pea crop 
best meets the criteria for both these requirements and the increase in acreage 
given over to combining pea production in recent years bears testimony to this 
fact. 
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